
DOCTORAL THESIS 1992:112D 
DIVISION OF FLUID MECHANICS ISSN 0348 -8373 

Analysis of Heat Transfer and Fluid Flow 
in the Resin Transfer Moulding Process  

by  

B. Rikard  Gebart  

TEKNISKA 
HÖGSKOLAN  I WLEÄ 

LULEA UNIVERSITY OF TECHNOLOGY 

e  





Analysis of heat transfer and fluid flow 
in the resin transfer moulding process 

by  

B. Rikard  Gebart  
Swedish Institute of Composites 

Box 271 
S-941 26  Piteå,  Sweden 

and 
Division of Fluid Mechanics  

Luleå  University of Technology 
S-951 87  Luleå,  Sweden  

Akademisk avhandling 

som med vederbörligt tillstånd av Tekniska Fakultetsnämnden vid Tekniska 

Högskolan i Luleå offentligt försvaras 

måndagen  den 15 Mars 1993,  kl  9.00  

i  sal  E  243,  E-huset, Tekniska Högskolan i Luleå. 

Fakultetsopponent  är Professor Charles Tucker III, Department of Mechanical and 

Industrial Engineering, University of Illinois at Urbana-Champaign, USA.  

Avhandlingen försvaras  pä  engelska.  



Analysis of Heat Transfer and Fluid Flow 
in the Resin Transfer Moulding Process 

by  

B. Rikard  Gebart  

Swedish Institute of Composites 
Box 271 

S - 941 26  Piteå,  Sweden 
and 

Division of Fluid Mechanics  
Luleå  University of Technology 

S - 951 87  Luleå,  Sweden 

MARCH 1993 



Abstract 

This thesis contains an analysis of fluid flow and heat transfer problems in the resin 

transfer moulding (RTM) process for manufacturing of polymer based fibre composites and it 

consists of five separate papers. 

The permeability of unidirectional fabrics, that are often used in advanced composites, is 

considered in Paper A and a theory for the permeability dependence on the micro geometry is 

developed. The theory is based on lubrication theory for narrow gaps which is motivated by 

the fact that most of the flow resistance comes from a small region where the fibres are 

closest to each other. Despite this limitation the results agree excellently with numerical 
results. The best performance of the theory is expected at high fibre volume fractions  (Vf)  but 

the dependence on  Vf  is surprisingly good even at as low values as 0.3. Although the theory is 

formulated for an idealised geometry it can be used to predict the variation of the anisotropic 

permeability tensor with fibre volume fraction in real fabrics after fitting of three model 

parameters. 

Paper  B  is a study of the influence from different process parameters on the void content 

in the laminate. The void content is shown to be reduced strongly by an applied vacuum 

during mould filling. The main mechanism for void formation appears to be mechanical 

entrapment at the flow front. The voids are convected by the flow so that their concentration 

is highest close to the flow front. Microscopy investigation of the bubbles show that they are 

of two basic types, large spherical bubbles in the interstices between fibre bundles and 

smaller cylindrical bubbles inside the fibre bundles. The positive influence of vacuum 

compared to no vacuum can be explained as a combined effect of an increased mobility due 

to larger volume changes during mould filling and compression by the increased pressure 

during cure. 

In Paper  C  a comparison is made between the mould filling times for different injection 

strategies. The possible alternatives for a normal laminate are point injection, edge injection 

and peripheral injection. Theoretical results are derived that can be used to estimate the mould 

filling time with the different alternatives. In addition, fundamental theoretical results are 

derived from the governing equations showing the scaling of the mould filling time with the 

process parameters. This analysis also shows that the flow front motion during mould filling 

is only a function of the anisotropy of the reinforcement and the location of the gates. 

Paper  D  presents an analysis of the non-uniform flow at the flow front during 

impregnation of a stack of fabrics consisting of layers with different flow resistance. A 

detailed derivation of the theory and an analytical solution to the equations are presented in an 
addendum to Paper  D.  The theoretical model is compared with experimental results and is 

found to describe the experiment qualitatively well. The resulting permeability of a stack of 



different fabrics is derived from the basic equations and is found to be a weighted average of 

the permeability in the individual layers. This result is compared with experiments with 

different stacking sequences and it is found that the stacking sequence has no influence on the 

resulting permeability as expected from the theory. Experimental results in excellent 

agreement with Darcy' s law are also presented for the case with radial flow and with 

unidirectional flow. 

Finally, Paper  E  is a theoretical study of the curing behaviour of thick laminates. A 

general solution independent of the cure kinetic model is derived. The solution is valid for 

low exothermal peak temperatures and it is characterised by two dimensionless numbers. The 

first parameter is the ratio between the time scales for the reaction and for heat conduction, 

the second parameter is the ratio between the processing temperature and the adiabatic 

temperature rise. The general solution is specialised to a second order autocatalytic cure 

model so that the results can be compared to numerical results. The agreement between the 

numerical and the analytical solution is excellent for small exothermal peak temperatures, as 

expected. The particular model used also serves as an example of the additional 

dimensionless parameters that are introduced by a specific kinetic model. 
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List of symbols  

Vf = Fibre volume fraction  

Q = Volumetric flow rate [m3/s] 

A = Total cross section area [m2]  

K = Permeability [m2] 
= Viscosity [Pas] 

• = Pressure difference [Pa] 

• = Flow length [m] 
• = Permeability tensor [m2]  

ui = local volumetric flow rate per unit area (volumetric flux density) [m3] 

tux = Total thickness of the reinforcement stack [m] 

ti = Thickness of layer  i  in the reinforcement stack [m] 

aij = Direction cosine between the laboratory coordinate system and the material 

principal coordinate system 
<Kii> = Average value of the permeability in a heterogeneous multilayer reinforcement 

[m2]  

R = Fibre radius [m]  

k = Kozeny constant 

• = Characteristic time for mould filling  [sj  or Temperature  [°K] 
p = Pressure [Pa]  

d = Depth of the troughs in the flow front of a multilayer reinforcement  [ml  
h = Layer thickness in a multilayer reinforcement [m]  

C = Model constant 
Kh = Permeability in the high permeability layer [m2] 
Ki = Permeability in the low permeability layer [m2] 
Ci = Model constant 

V = Maximum fibre volume fraction obtained when the fibres touch each other frnax 

a = Degree of cure  

Q = Cumulative heat [J/kg]  

Q =  Ultimate heat of reaction [J/kg] tot 
A = Frequency factor  [sa]  

E = Activation energy [J/moll  
R = Universal gas constant [J/mol.°K] 

m,  n = Model constants in kinetic model 
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1 Introduction 

The Resin Transfer Moulding (RTM) process is a versatile method for the manufacturing 

of composites. The increased interest for RTM has been motivated by a number of attractive 

features of the process. Some examples of the possibilities with the process are: 

• Load bearing parts with short cycle time. 

• Wide range of materials available. 

• Foam cores and metal inserts possible. 

• Integration of many functions in one detail. 

• High surface finish on both sides. 

During the last few years this interest has been reflected by an increasing number of 

reports in scientific and trade journals1,23,4. The reports about commercial application of the 

process come from such diverse areas as automotive applications and advanced composites 

for aerospace use5. One of the more spectacular applications is the sports car Dodge Viper 

that has all its external panels with a total weight of about 77 kg made with the RTM method6  

(see Figure 1). 

For this application a high surface finish is the primary objective but additional 

advantages of the RTM method is the design freedom it gives and the possibility to integrate 

several functions into one part. 

Another successful example where the integration of several functions in one part and 

light weight is important is the All Terrain Vehicle  (Bandvagnen)  designed and manufactured 

by Hägglunds Vehicle, Sweden. The self supporting body of this vehicle has been produced 

in large numbers with the RTM process by  Statoil Europarts,  Sweden for several years. 

Since the early applications of the RTM method in the 1950's it has now developed into a 

highly automated method in automotive applications and to a method for high quality parts in 

the aerospace area. Ecological aspects are another motivation for the use of RTM since it is a 

completely closed process and negligible amounts of solvents are emitted to the environment. 

- 3 - 



Figure I: The Dodge Viper RT/I0 1992 has all its exterior panels manufactured with the 

RTM process (Photograph courtesy of Harry  Karlsson  AB, Partille, Sweden) 

The RTM method is very flexible and can be used for rapid production of parts with 

foam cores and metal inserts. The method also gives the possibility for very good control of 

the process parameters resulting in a high and even quality of the final product. The method 

has been known under many different names (Resinject,  VARI,  TERTM etc.) and various 

schemes have been developed. Its main ingredients consist of the following basic steps: 

• The fabric is shaped to the form of the desired part to give a 'preform'. 

• The preform is positioned inside a mould cavity together with optional foam cores and 

metal inserts. Then the mould is closed (for simple shapes, the fabric is placed directly in 

the mould without preforming). 

• Resin is injected into the mould cavity under relatively low pressure (1-10 bar) through 

one or more inlets. In some cases the mould cavity is evacuated with a vacuum pump. 

• The part is cured inside the heated mould to a suitable degree of cure. 

• The mould is opened after the cure time, the part is demoulded for trimming and post cure. 

The advantages and limitations of the RTM process from an industrial point of view have 

been discussed extensively in several papers7,8,9,10  and they will not be repeated here. 

Despite the wide use of the method there is still a lack of understanding of several 

important phenomena that take place during processing. Some examples of difficulties that 

may occur are: air entrapment from incomplete mould filling, insufficient cure, high 
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exothermal temperatures in thick sections, void formation and unacceptably high residual 

stresses. Almost all of these difficulties can be avoided if proper measures are taken but this is 

only possible if the process is understood in detail. 

The aim of the present thesis is to shed light on some of the problems connected to fluid 

flow and heat transfer. The papers in the appendices start with a study of the permeability of 

unidirectional fabrics (Paper A) followed by an experimental investigation of the void 

formation process and its dependence on the process parameters (Paper  B).  In Paper  C  the 

importance of the injection strategy is shown by several theoretical and experimental 

examples. In addition, dimensional analysis is used to yield some fundamental results for 

mould filling. Theoretical results are also presented for a modified version of the RTM 

process which combines injection and compression. A solution for the micro flow at the flow 

front and the permeability of stacks of different fabrics are the most important results in Paper  
D.  Finally, in Paper  E,  the critical parameters for heat transfer and chemical reactions with 

thermosets and their influence on the peak exotherm temperature and cure time are 

determined by an analytical and numerical solution for 1-dimensional heat transfer with 

chemical reactions. 
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2 Mould filling 

Mould filling is probably the most important step in the RTM process. For a simple 

geometry it is often possible to guess a suitable position for the inlets and outlets. However, 

in a general case with complex geometry, metal inserts and foam cores it can be extremely 

difficult to find positions that give a void free laminate without large dry (unwet) regions. 

One approach to the problem is to use trial and error but this leads to very expensive and time 

consuming mould modifications in each trial. The task is considerably simpler and less 

expensive if a mathematical model is available that can be used to compute the flow of resin 

in the mould. With this approach all testing of different injection alternatives is done 

theoretically and the resulting mould will need no modifications due to mould filling 

problems. 
In this section the fluid flow problems connected to global mould filling are addressed. 

The present state of the art is discussed first in each sub-section followed by a discussion of 

the relevant results presented in the appended papers. 

2.1 Flow models 

The flow of liquids in general is described by the momentum, energy and continuity 

equations in addition to an equation of state coupling the thermodynamic variables. A critical 

assumption in the momentum equation is the constitutive law that couples the state of stress 

to the deformation rate. A simple model that exhibits a linear relation between these two 

fields is the Newtonian model. Most of the resins that are used in RTM, e.g. polyester and  

vinylester  resins, exhibit a Newtonian behaviour. For such fluids the Navier-Stokes equations 

have been found to describe the flow excellently in the whole velocity range from creeping 

flow to turbulent flow. In RTM the relevant Reynolds number is based on the dimensions and 

the velocity in the pores and it shows that the inertia terms in the Navier-Stokes equations can 

be neglected. Such a flow is usually termed a creeping flow and the corresponding equations 

are called the Stokes equations. However, when computing the mould filling flow in RTM a 

macroscopic model of the flow in a porous medium is used since it is not practically feasible 

to use the momentum equations directly to compute the flow in the pore space. The  1-

dimensional  flow of a Newtonian liquid in a porous material follows a particularly simple 

law, Darcy's lawn, which states that the volumetric flow rate is proportional to the pressure 

gradient. 

2_ K 42 
A — L (1) 
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Darcy's law can be generalised to three-dimensional flows and to anisotropic porous 

materials12. 

(2) 

This model was originally derived as a purely empirical law but it is possible to derive it, 

and other more general equations for the flow in porous media, directly from the Navier-

Stokes equations by the process of volume averaging13,14. With the volume averaging 

approach a closure problem appears similar to that in turbulence modelling but in this case the 

closure problem derives from the unknown fluctuations around the volume average. To solve 

this problem the viscous drag term in the averaged equations has to be modelled. The viscous 

drag model is equivalent to the constitutive law in ordinary continuum mechanics and it must 

exhibit the same properties (e.g. frame indifference) as a constitutive model does. Depending 

on the particular choice of viscous drag model different fluid flow models are obtained. A 

linear model results in Darcy's law. Another well known linear model, which is slightly more 

complex than Darcy's law, was proposed by Brinkman15. However, an order-of-magnitude 

analysis shows that the difference in result compared to Darcy's law is negligible if the length 

scale over which the average velocity changes is much larger than the pore length scale. This 

is almost always the case in the RTM process. Hence, (the generalised) Darcy's law appears 

to be a good choice to model mould filling in RTM. 

The most well known non-linear model is Forchheimer's modell6  which is best suited to 

describe flows where inertial effects are important. This model is of little interest for the 

modelling of the RTM process but it can be important to include inertial effects in the 

analysis of other chemical engineering flows in porous media. 

However, several experimental results that show non-Darcyan behaviour have been 

reported1738. The experiments were done with unidirectional flow in a rectangular mould and 

the flow rate was measured as a function of the total pressure drop over the mould. 

Surprisingly, a doubling in pressure gave more than a doubling in the flow rate. One 

explanation for the reported data could be shear thinning behaviour of the resin. Darcy's law 

can be modified to take account of shear-thinning behaviour19  but there are other possibilities 

for the reported behaviour. An alternative explanation could be that the experimental mould 

was so weak that an increasing deflection of the mould with increasing pressure occurred. 

This would result in an increased permeability at a higher pressure that would give the 

reported behaviour. 

In Paper A and Paper  D  experiments that agree excellently with Darcy's law are 

presented both for unidirectional flow in a rectangular mould and for radial flow in a flat 

mould. These experiments were done with a typical RTM  vinylester  resin and with the other 

process parameters in the range that is used in industrial RTM. The viscosity of the 
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experimental resin was measured in a viscometer and no shear thinning behaviour could be 

detected. Other examples of excellent agreement with Darcy's law are also available20  and 

thus, one can conclude that Darcy's law is a good flow model for RTM as long as the resin is 

Newtonian. 

2.2 Flow front phenomena 

Two basic types of flow front phenomena are discussed in this section. The first is the 

overall motion of the flow front seen from some distance normal to the surface of the part. 

The second type of flow front phenomena is the shape of the flow front as it would appear if 

it was possible to freeze the flow and make a cut so that it could be observed from the side. 

The flow front would then be jagged if the reinforcement consisted of a stack of fabrics with 

large differences in permeability. 

The overall motion of the flow front with unidirectional and radial flow in a flat mould 

can be used as a test of Darcy's law. Experimental results for these two cases were presented 

in Paper A and in Paper  D  (Figures 2 and 3). For both of these two cases the agreement with 

Darcy's law was excellent. However, the results indicated that the permeability of the 

reinforcement in the radial flow experiment was different than it was for the same 

reinforcement in a unidirectional flow experiment. This discrepancy has later been explained 

by careful experiments as a result of mould deflection in the radial flow experiment21. 

Reinforcement consisting of a stack with several layers of fabrics with different 

permeability is usually called a heterogeneous multilayer reinforcement. The difference in 

permeability between layers will lead to different average velocity in the different layers and 

a non uniform flow at the flow front. The detailed behaviour at the flow front has been 

analysed by several investigators 22,23,24,25,26. The results show that the non uniform flow 

depends very strongly on the transverse permeability. For a sufficiently high transverse 

permeability the region with non uniform flow is localised close to the flow front and a fully 

developed flow profile is obtained only a few laminate thicknesses from the flow front. For 

this case the effective in-plane permeability of the assembly can be computed from a 

weighted average of the permeability in each layer. 

In Paper  D  an analytical model is presented for the non-uniform flow at the flow front in 

a stack with large difference between the permeability in the different layers. In this model 

the cross-flow permeability is assumed to be the same as the permeability in the layer with the 

lower permeability as it would be in a stack of unidirectional fabrics oriented alternatingly in 

the 0° and 900  directions. The results of the analysis show that the flow front profile through 

the thickness will be jagged (see Figure 4) and that the depth of the troughs is given by  

d = r,  s „\pFh 
K (3) 
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where  d  is the depth,  h  is the layer thickness and where the constant  C  is close to unity. 
The permeability in the high and low permeability layer is given by Kb and IC1  respectively. 

Figure 2: Experimental square of flow front position versus time for flow along the fibres. 

The results agree well with the straight lines predicted from Darcy 's law. 

Figure 3: Radial flow front position along the principal directions versus time. The solid 

lines are predicted by an approximate solution based on Darcy 's law. 

This result predicts a slightly larger depth of the troughs than the  FEM  results by 
Fracchia22  but it is still an improvement on the analytical model of Fracchia. Paper  D  also 
presents experimental results for the non-uniform flow at the flow front. Measurements are 
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made at several different permeability ratios and the scaling with permeability ratio that was 

predicted by the theory is confirmed by the experiments (Figure 5). However, the 

experimentally determined value of the constant  C  in (3) is slightly smaller than predicted 

both by the model in Paper  D  and the  FEM  results of Fracchia. 

The theoretical analysis in Paper  D  shows that it is reasonable in most cases to neglect 

the non-uniform flow at the flow front in most situations in RTM and to treat the problem as 

if the reinforcement was homogeneous with an average permeability given by 

1  N  
<Kii> = I ti  [arias.'  Kis]  

i=1  
(4) 

A — 
00 00 
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.0.0 

B  eel.-- 
0000 
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Figure 4: Qualitative behaviour of the flow at the flow front in a multilayer reinforcement. 
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Figure 5: Experimental thickness of front boundary layer versus the square root of the ratio 

of permeability in the two layers. The thickness should be a straight line with slope 0.87 
according to the theory in Paper  D.  



2.3 Permeability 

Darcy's law (1) contains a parameter called permeability  (K  in equation (1)) that only 

depends on the shape of the pores of the porous medium. For the general 3-dimensional case 

the permeability is a second-rank tensor. The permeability tensor can be shown to be 

symmetric and positive definite27  with some simplifying assumptions. However, there are 

good reasons to believe that this is true in genera128. 

The components of the permeability tensor can be determined with several different 

methods12. A convenient method for the determination of the in-plane permeability of fibre 

reinforcements is the radial flow method2° in which resin is injected at the centre of a flat 

mould. The beauty of the method is that the whole in-plane permeability tensor and its 

principal directions are obtained in one experiment. However, this method is very prone to 

errors from mould deflection and a more robust method is to use a combination of linear flow 

experiments21,29. Regardless of the method for its determination, the permeability tensor is a 

well defined function of the geometry of the fabric. 

The permeability depends very strongly on fibre volume fraction and it is therefore of 

interest to be able to extrapolate the permeability to other fibre loadings than those for which 

measurements are available. Several attempts have been made to develop theoretical or 

empirical correlations between the permeability and the fibre volume fraction. Probably the 

best known model is the Kozeny-Carman equation30  that was originally derived for granular 

materials but has been applied on the flow in aligned fibre beds31  and in other types of 

fabrics.  

K —  R
2  (1 - Vf)3  

4k v 2 
f 

(5) 

The parameter  R  is the radius of individual fibres,  k  is the so called Kozeny constant and  
Vf  is the fibre volume fraction. However, this model is not able to predict several important 

features of real fibre reinforcements. One deficit in the model is that it is isotropic but this can 

be alleviated by assuming different Kozeny constants for different directions32. Another 
deficit is that the model predicts finite permeability except for  Vf  -9 1 which is obviously 

incorrect for flow perpendicular to aligned fibres. For aligned fibres the flow is completely 
shut off when the fibres touch, which happens for  Vf  < 1. To improve on this situation 

attempts have been made to model the "pinch-off' phenomenon with semi-empirical 

models33. 

In Paper A a model for the components of the permeability tensor in a unidirectional 

reinforcement is developed, starting from the Navier-Stokes equations and the exact geometry 

of the fibres. The permeability in the axial direction is found to be given by the Kozeny- 
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Carman equation with a Kozeny constant of 1.78 for a quadratic fibre packing and 1.66 for a 

hexagonal packing. In the transverse direction the permeability is given by a completely new 

expression 

 5/2  

Kt  = Cl R2  ('NI - 1) Vf  (6) 

where  R  is the fibre radius,  Vf  is the fibre volume fraction, Vfmax is the maximum fibre 

volume fraction that is obtained when the fibres touch. The constant C1  is 0.40 for a quadratic 

packing of the fibres and 0.23 for a hexagonal packing. The analytical result in (6) is 

compared to a numerical solution of the flow between the fibres (Figure 6) and the agreement 

is excellent for fibre volume fractions larger than about 30% (Figure 7) 

Figure 6: Velocity field from the numerical computation of the flow between the fibres in the 
hexagonal case  (Vf  = 0.5). The velocity vectors have been interpolated from the 30 by 40 

computational mesh to a coarser mesh to facilitate interpretation of the result. 
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Figure 7: Normalised permeability versus fibre volume fraction. The lines are computed from 

the approximate solution in Paper A for the quadratic case (solid line) and the hexagonal 

case (dashed line). The symbols are numerically computed values for the hexagonal (squares) 

and quadratic (circles) case respectively. The approximate solution agrees excellently with 
the numerical solution at higher fibre volume fractions but also at lower values  (Vf  = 0,35) 

the error is less than 10%. 

Real reinforcements do not have the ideal fibre arrangement that was assumed in the 

derivation of the permeability model in Paper A. However, experimental results (Paper A and 

Paper  C)  show that the model gives a very good description of the permeability variation 

with fibre volume fraction also for real reinforcements. In particular, the results in Paper A, 

where the transverse permeability is computed from the axial permeability and compared to 

the measured result, show that the model has a good predictive capability (Figure 8). 

It is common practice to manufacture the preform from a stack of reinforcements, either 

of the same type but oriented in different directions in different layers or from different types 

of fabrics. In any case the resulting stack will have different permeability in different layers. 
In Paper  D  it is shown that the effective in-plane permeability of the stack is a weighted 

average of the permeability in the different layers (see (4)). Experimental evidence is also 
presented in Paper  D  that the stacking sequence has little influence on the effective 

permeability which according to theory should be independent of the stacking sequence if 

there is no cross flow. 
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K (m2) 

D  Flow aligned with fibres 

• Cross-flow 

• Figure 8: Summary of all permeability measurements in Paper A both for flow along and 

perpendicular to the fibres. The top solid line is a fit (effective fibre radius 42/im) of the 

theoretical expression for the permeability to flow along the fibres while the lower line has 

been computed from the theoretical permeability for cross flow assuming the same effective 

fibre radius as in the top line. 

2.4 Mould filling simulation 

The numerical simulation of mould filling presents a number of difficulties even if the 

flow model is well established. One difficulty that is unique for mould filling is that the 

computational domain changes continuously with time due to the moving flow front. One 

way to simulate this phenomenon is to use a time stepping method with a moving numerical 

mesh34,35,36. However, this method has the disadvantage that a new numerical mesh has to be 

generated automatically at each time level which sometimes is a complicated task. 

An alternative method that is more robust is to generate a fixed mesh over the whole 

domain to be filled and to keep track of the fluid filled part of the mesh37,38,39,40,41. 

Many problems with air enclosures and slow mould filling can be avoided by numerical 

optimisation of the mould filling process. The most laborious part of an analysis is the mesh 

generation but if CAD data is available also this step is quite easy to perform. Having the 

mesh, it is easy to analyse different inlet and outlet configurations to find the optimum 

combination that minimises the fill time and shows the optimum position of the vents. 

Some general conclusions can be drawn about the results from a mould filling simulation 

a priori. In general the interpretation of the equations in fluid dynamics is made much easier 
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by a proper scaling of the problem. The resulting non-dimensional problem is then found to 

be governed by a number of dimensionless parameters. Some examples of the dimensionless 

parameters that can occur are the Reynolds number in viscous flows, the Richardson number 

in buoyant flows and the Rossby number in rotating flows42,43. In Paper  C  the governing 

equations for mould filling in RTM are scaled and the resulting non-dimensional problem is 

found to depend on only one parameter, the dimensionless permeability tensor that can be 

said to be a measure of the anisotropy in the problem. Moreover, the total time for mould 

filling is proportional to the typical time scale of the problem that is given by: 

T — 
L2(1 - Vf)i.t 

ApK (7) 

where L is a typical length of the mould,  Vf  is the fibre volume fraction, 1.1 is the 

viscosity,  Ap  is the driving pressure difference and where  K  is a typical magnitude of the 

components of the permeability tensor. 

These results mean that if the mould filling time is known for one set of parameters it can 

be computed for any other combination with the aid of (7). Moreover, if the anisotropy in the 

problem is changed, e.g. by changing the reinforcement, the mould filling time and the 

progress of the flow front during mould filling will change. Another way to change the whole 

behaviour during the mould filling is of course to change the position and number of inlet and 

outlet ports. 

The injection strategy is also a very important topic that is treated in Paper  C.  For a flat 

plate geometry it is shown that the mould filling time can differ by more than a factor of 10 

depending on the injection strategy. The alternatives that are treated in Paper  C  are point 

injection, edge injection and peripheral injection. The first alternative is the slowest and it 

means that resin is injected at the centre of the mould and that the air is vented at the 

circumference of the mould. The second alternative, edge injection, means that the resin is 

injected at one of the edges of the mould and that air is vented at the opposite edge. The edges 

on the other two sides are sealed so that no flow is possible on the outside of the 

reinforcement. Finally, peripheral injection, which is fastest, means that the resin is injected 

on all sides of the mould while the air is vented at the centre. Theoretical results that can be 

used to estimate the fill time are derived for all three alternatives. 

There is no doubt that the fill time is a very important parameter for the economy of the 

RTM process but also other considerations has to be taken in the optimisation. Hence, some 

thought has to be given to the specific disadvantages that each method may have. As an 

example, the peripheral injection method may sometimes give problems with air entrapment 

if the permeability varies in an uncontrolled manner over the surface of the part. 

Paper  C  also presents theoretical results for the mould filling time with a new method 

that combines RTM with "cold pressing". In this method the mould is only partially closed 
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before injection of resin takes place. This makes it much easier to fill the mould than if it is 

completely closed since the permeability (and hence the mould filling time) depends strongly 

on the fibre volume fraction. After an appropriate amount of resin has been injected the 

mould is closed to the final thickness of the part. The theoretical analysis in Paper  C  shows 

that the mould filling time can be significantly shortened with the new method as compared to 

the other 3 alternatives. 
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3 Void formation 

The presence of voids in a composite laminate has a very strong negative influence on its 
physical properties. The interlaminar shear strength (ILSS) of  uni-directional carbon fibre-
polyimide laminates with a fibre weight fraction of 60% can serve as an example of the strong 

influence on the mechanical properties from voids. For this case the ILSS is reduced about 

40% by a void content of 10%44. Another material property that is negatively influenced by 
voids is the dielectric strength which can be reduced by as much as 30% by a void content of 
6%45. Finally, it is well known that for parts that are going to be painted to obtain a glossy 

surface, pin holes and surface pores are unacceptable. Hence, it is almost always of interest to 
reduce the void content to a minimum. 

In RTM the void content can be significantly reduced by using vacuum assistance46,47. 
The work that has been performed shows that vacuum influences only the region of initial 

contact between the resin front with the fibre preform. Hence, the vacuum has to be applied 

during the whole mould filling process to obtain the optimum effect from vacuum. 

Several theoretical models have been proposed to explain the microscopic flow under the 

action of capillary pressure during resin impregnation of fibre reinforcements48,49,50. These 
models are formulated for a simplified geometry but indicates some of the phenomena that 

take place on the micro-scale. The scenario for the entrapment of air has been assumed48  to 
be that the resin front moves faster outside of fibre bundles than inside them. This will lead to 

a situation where the fibre bundle is completely surrounded by resin while it is only partly 

impregnated with resin. The air that is entrapped in this way is assumed to be compressed by 

an increased pressure on the outside of the fibre bundle but it is assumed to be impossible to 

force the air out of the fibre bundle. 

However, it is well known from different types of chemical analysis instruments that 

bubbles in capillary tubes will move under the action of an imposed pressure gradient. For 

this situation a considerable effort has been made to model the details in the flow51,52,53  and 
it is found that the bubble moves faster than the liquid in the tube. Hence, it is likely that even 

if a fibre bundle, with an air pocket inside, is completely surrounded by resin it will be able to 
move. 

In other processes than RTM voids will often appear after completed impregnation of the 

part due to void nucleation and growth by water diffusion in the resin54, or from gas 

formation from chemical reactions55  during cure. These mechanisms are of course also 
possible in RTM but the void growth problem from water diffusion appears to be smaller than 

in the autoclave process. 

In Paper  B  the importance of different process variables for the void formation in RTM is 

investigated. Combinations of experiments indicate that the main mechanism for void 

formation is mechanical entrapment at the flow front. The experiments are made with 
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unidirectional flow in slightly longer laminates than what has been done in the past and the 

void content is presented as profiles in the flow direction. The results show that the voids 

move with the flow and that the void concentration is higher close to the flow front. In fact, at 

a distance larger than a few decimeters from the flow front there are practically no voids. One 

particularly efficient way of reducing the void content is to use vacuum assistance. At the 

highest level of vacuum assistance the void content is practically zero (Figure 9). The 

beneficial influence of vacuum assistance appears to be the result of two mechanisms, a larger 

compression of the voids during cure by the ambient pressure and a larger mobility of the 

voids due to the larger compression by the injection pressure when the voids are created at a 

lower pressure. A complete qualitative map of the influence of different process parameters 

on the void content is also presented in Paper  B  (table 1). 

Table 1. Summary of influences from processing parameters on the void content in 

resin transfer moulded laminates 

Parameter Type of Average void Average Total void 

change content length content 

Cure pressure 2.  N.  no change  N.  

Vacuum level ?  N. N. N.  

Injection length 2e no change  

Temperature , , no change 2,  

Injection pressure , ?  N.  no change 

Flushing time  

Sizing Removal  

Lay-up more 900  , no change ). 
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• 0.1 MPa 

A 0.05 MPa 

MI 0.03 MPa 

0 0.001 MPa 

Figure 9: Experimental void volume fraction profiles along the laminate centreline for a 

unidirectional fabric (Brochier Lyvertex 21130) at a fibre volume fraction of 59%. The 

pressure difference between inlet and outlet was 0.5 MPa and the outlet pressure was held at 

0.1 MPa (atmospheric pressure), 0.05 MPa, 0.03 MPa and .--- 0.001 MPa. 
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4 Heat transfer and chemical reactions 

After a successful mould filling it remains to cure the part to a suitable degree of cure 

before the mould is opened. If the reaction is too fast it is possible that the temperature 

becomes so high that the material degrades or that the finished part will have very high 

residual stresses. On the other hand, from a production economy point of view it is important 

that the cycle time is short and this means that the processing temperature and the reactivity 

of the resin have to be chosen judiciously. Hence, it is important to be able to analyse the heat 

transfer and the progress of the degree of cure during processing. 

The heat transfer in RTM can be divided into two regimes, convective heat transfer 

during mould filling and conductive heat transfer during the cure stage. Normally, the mould 

filling stage is complete before any significant degree of chemical reaction has started. The 

models for heat transfer and chemical reactions in a porous medium usually assume that the 

liquid and the solid phases are in local equilibrium, i.e. that they have the same temperature 
locally13. Also, a 2-phase approach to the problem has been used56. With the local 

equilibrium assumption the energy equation in a porous medium can be derived by the same 

process of volume averaging that was used to derive the momentum equations for a porous 

medium13. The resulting energy equation for the porous medium is very similar to the energy 

equation for a one-phase fluid continuum except that the material properties are replaced by 

effective material properties and that the dissipation term is derived from Darcy's law. The 

thermal conductivity in the diffusion term consists of two parts, the effective conductivity for 

a stationary porous medium57  and a so called hydrodynamic dispersion conductivity. The 

hydrodynamic dispersion is the name for the enhancement in heat transfer from combined 

convection and conduction. This contribution to the effective conductivity can be dominant if 

the velocity in the pores is large enough13. The consequence for the heat transfer in RTM is 

that the temperature field will be much more isothermal than expected from an analysis based 

on heat conduction only. 

After complete mould filling and during the cure step, heat conduction and chemical 

energy release are the only sources for temperature change. The effective heat conductivity is 

in general anisotropic and depends on the properties of the reinforcement and the resin. 

Several empirical rules have been suggested for the computation of the effective thermal 

conductivity of fibre reinforcements13 of a specific reinforcement and its dependence on the 
fibre volume fraction. 

The chemical reactions are usually modelled with a kinetic model that describes the 

variation of the degree of cure with time58. More complex models have also been proposed59, 
but they have disadvantages that make them difficult to use in practical engineering 
situations58. The degree of cure a is the cumulative heat  Q  evolved up to some given time t 
and the energy released if the reaction is allowed to continue until completion QT. 
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a =-9- 
QT 

(8) 

The rate of change of the degree of cure is generally assumed to be a function of the 

temperature and the degree of cure. Several models exist for the description of different types 

reaction behaviour and a careful investigation has to be done for each resin system to 

determine which is the most suitable. The experimental determination of the degree of cure at 

various isothermal temperatures is usually done with a differential scanning calorimeter60  in 

which the heat that is generated by the reactions can be measured. These data can then be 

used to fit the model parameters. 

0 fl < 0.5 

1 

n m 29 
n m F 0 

 

 

Figure 10: Numerical solutions for a wide range of parameter combinations versus the 

theoretical solution for the temperature peak. The analytical solution (straight line) is plotted 

for comparison purposes. 

The main effort in the modelling of the curing of composites has been devoted to 

describing the temporal development of the degree of cure at different temperatures. 

However, it is also important to understand the influence on the cure behaviour from 

different process variables in a general sense. In Paper  E  an attempt is made at improving the 

general understanding of the cure process. This is done by scaling the equations and to 

investigate the behaviour under the assumption that the maximum temperature during cure 

will be so low that the release of heat is essentially the same as under isothermal conditions. 
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A solution for a general case without any assumptions on the kinetic behaviour is first 

derived. This solution is found to be characterised by two dimensionless parameters. The 

general solution is then specialised to a second-order autocatalytic model to make it possible 

to compare the analytical result to a numerical simulation.  

da  
=  A  eT am(1 -  ar dt  (9) 

The agreement between the analytical and the numerical solution is found to be excellent 

as long as the resulting peak exotherm temperature is less than about 10% of the adiabatic 

temperature rise (Figure 10). The introduction of the particular model also introduces 

additional dimensionless parameters that are characteristic of that model. 
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5 Discussion 

The experimental results in Paper A and Paper  D  show that Darcy's law is a very good 

model for the flow in RTM. However, there are a few situations when deviations from this 

model can be expected. One example is when the resin behaves like a non-Newtonian fluid 

and for this case the flow model must be modified. One type of resin that can behave in this 

way is epoxy although many epoxy resins behaves like a Newtonian fluid. Another example 

of apparent non-Darcyan behaviour is the case when the mould is flexible. In this case the 

imposed pressure from the resin will change the thickness of the mould cavity continuously 

during the mould filling process and this will result in a changing permeability that is very 

difficult to include in a theoretical analysis. 

The permeability model that was developed in Paper A represents an improvement on the 

Kozeny-Carman model for unidirectional reinforcements in two different ways. First, because 

the model in Paper A predicts the permeability in the two principal directions explicitly and 

secondly because the permeability to transverse flow exhibits the 'pinch-off effect that real 

reinforcements exhibit. The key idea in the new model was to consider only the region in the 

reinforcement where significant pressure drop occurred (i.e. in the narrow gaps between the 

fibres). The same idea can be applied on general weaved fabrics although the representative 

cell will be larger and contain more gaps than for a unidirectional fabric61. 

A theoretical model for the non-uniform flow at the flow front in a heterogeneous multi-

layer reinforcement was developed in Paper  D.  The most interesting aspect of the model is 

that the extent of the region with non-uniform flow should be proportional to the square root 

of the permeability ratio. This scaling was also confirmed by experiments. Another result of 

the model was that the region with non-uniform flow is in almost all cases very small. It is 

therefore possible to assume in a theoretical analysis of the flow that a plug flow profile exists 

and that the effective permeability of the reinforcement is given by a weighted average 

permeability of the stack. 

The theoretical analysis of the mould filling times with different injection strategies in 

Paper  C  indicates that the fastest way to fill a mould is by injecting the resin into a 

distribution channel around the periphery and to vent the air at some central location. The 

ventilation location has to be determined from case to case. 

A general result of great importance to mould filling simulations was also derived in 

Paper  C  by making the governing equations dimensionless. It was found that the shape of the 

mould filling front only depends on the anisotropy of the permeability tensor. Hence, for 

every combination of inlet and outlet positions with a given permeability only one mould 

filling simulation is necessary. The influence from the other process parameters will only be 

to change the time scale of the problem. 
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The influence on the void content from different process parameters was investigated 

experimentally in Paper  B.  An important result is that the voids are created at the flow front 

and that the voids will be transported by the flow. The resulting void profile along a line 

perpendicular to the flow front shows that the void content is highest close to the flow front 

and that it drops to virtually no voids at some distance from the flow front. A qualitative map 

of the influence from each process parameter was constructed that can serve as a help to the 

process engineer. In an earlier paper62  a theoretical model for the void formation process was 

developed assuming that the bubbles were spheroidal in shape. The bubbles were assumed to 

move with the flow whenever there was enough space for them in the pores to get through. 

Later microscopy studies, presented in Paper  B,  showed that several different types of 

bubbles exist and that the model needed to be refined. The motion of bubbles in capillary 

tubes have been studied extensively in chemical engineering and a considerable knowledge 

base is available. A natural continuation of the study in Paper  B  would therefore be to try to 

use some of that knowledge to formulate a better theoretical model for the motion of bubbles 

in a fibre reinforcement. A more difficult problem would be to explain the void formation 

process at the flow front that must be the result of some form of flow instability. 

The temperature during cure was analysed in Paper  E  for the special case with isothermal 

initial conditions employing constant wall temperature. It was possible to derive a general 

solution for the temperature in the laminate assuming that the exothermal temperature was so 

low that the reactions would take place essentially as under isothermal conditions. This 

solution was valid for all types of kinetic behaviour. It is important to notice that this solution 

makes it possible to predict the temperature in a real laminate directly from laboratory 

measurements with DSC without any fitting of kinetic model parameters. However, the initial 

conditions and wall boundary conditions was not completely general and it would therefore 

be of interest to develop the theory further to include more general initial and boundary 

conditions. 
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6 Summary of appended papers 

The following is a short summary of the papers in the appendix: 

Paper A: 

The permeability of an idealised unidirectional reinforcement consisting of regularly 

ordered, parallel fibres is derived starting from first principles (Navier-Stokes equations) both 

for flow along and perpendicular to the fibres. First, an approximate analytical solution for 

transverse flow is derived which differs from the Kozeny-Carman equation for the 

permeability of a porous medium in that the transverse flow stops when the maximum fibre 

volume fraction is reached. The solution for flow along the fibres has the same form as the 

Kozeny-Carman equation. A comparison shows excellent agreement between a numerical 

solution of the full flow equations and the approximate one at medium to high fibre volume 
fractions  (Vf >  0.35). The theoretical predictions of permeability were tested in a specially 

tested mould. The results from the experiments with an unsaturated polyester resin (Jotun PO-

2454) and the unidirectional reinforcement did in all cases show excellent agreement with 

results predicted by Darcy's law (the square of the flow front position increases linearly with 

time if the injection pressure is kept constant). The theoretical model could be fitted to the 

experimental data both for flow along the fibres and for cross flow based on data for flow 

along the fibres only. The fitting is obtained by adjusting one parameter in the model, the 

effective fibre radius, to a value about four times larger than the real fibre radius (15 gm). 

Scanning electron microscopy shows that the fibres are arranged in bundles looking like 

cylinders with ellipsoidal cross section which may be the explanation for the effective fibre 

radius in the fitted model equation being larger than the real fibre radius. 

Paper  B  

The influence of different process variables on the void content in Resin Transfer 

Moulding (RTM) are investigated experimentally. The mouldings were made in a flat mould 

with mould filling with parallel flow from one side of the laminate to the other. The voids 

were found concentrated in a narrow region close to the ventilation side of the laminate. The 

void volume fraction in this region was almost constant and it dropped over a short distance 

to basically no voids in the rest of the laminate. One of the most efficient ways of reducing 

the void content was found to be to use vacuum assistance during mould filling. The vacuum 

assistance was beneficial both for the magnitude of the void content and for the length of the 

region with voids. The void content with the highest level of vacuum assistance 

(approximately 1 kPa), was practically negligible. Strong indications for void creation by 

mechanical entrapment at the flow front was found. The lowering of the void content with 
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vacuum assistance can be interpreted as a result of compression of voids when the vacuum is 

released and a higher mobility of voids created at a lower pressure. 

Paper  C  

Different injection alternatives and their advantages and disadvantages are evaluated. The 

types of strategy that are discussed are point injection, edge injection, peripheral injection and 

combined injection and compression moulding. In point injection the resin is injected at a 

central location and air is vented at the edge of the part or through the sealing. Edge injection 

consists of injection of resin into a distribution channel on one side of the part towards the 

other side where air is vented. In peripheral injection the resin is injected into a distribution 

channel around the entire periphery of the part and the air is vented at the centre of the part. In 

applications when the fill time is unacceptable with any of the above alternatives, the fill time 

can be significantly reduced if the injection at a low fibre volume fraction is combined with 

compression of the mould halves. The placement of the injection inlet has a large influence on 

the fill time which with peripheral injection can be orders of magnitude faster than with point 

injection. 

The difference between the different alternatives can be analysed theoretically in a few 

special cases and results are presented for flat moulds with circular and quadratic surfaces. A 

theory for the combined RTM and compression moulding process is also developed and it 

shows that considerable time savings can be made with the modified process. Theoretical 

results for edge injection show excellent agreement with experimental results from a 

quadratic experimental mould. For point and peripheral injection the theoretical results agree 

qualitatively well with experiments but the injection time is consistently faster than the 

measured. 

Paper  D  

Questions connected to permeability and non-uniform flow at the flow front in RTM are 

addressed. First, Darcy's law as a model for the flow in RTM is critically scrutinised in two 

different experiments, point injection and unidirectional flow, both of which agree excellently 

with theory. The experimental results for two different unidirectional fabrics are found to be 

well described by a theory for the permeability in this type of media. The non-uniform flow at 

the flow front is analysed with an approximate theory which agrees qualitatively well with 

experiments. The effective in-plane permeability of a stack of different fabrics is derived from 

Darcy's law and found to agree reasonably well with experiments. A direct comparison of the 

permeability of different reinforcements shows that the micro geometry is an important factor 

for the permeability. 
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Paper  E  

The equations of one-dimensional heat transfer with chemical reactions with isothermal 

initial conditions and constant wall temperature are solved approximately for all types of 

kinetic models. The general solution is valid for low exothermal peaks and it is characterised 

explicitly by two dimensionless parameters. The first parameter is the ratio between the time 

scale for heat conduction and that for the chemical reaction, the second parameter is the ratio 

between the processing temperature and the adiabatic temperature rise. The number of 

additional parameters depends on the particular choice of kinetic model. The maximum 

temperature in the solution always occur at the centre line and its magnitude is proportional to 

the maximum rate of reaction. 

For a second order autocatalytic kinetic model closed form results can be obtained. The 

solution is in this case characterised by 2 additional dimensionless parameters. 

The analytical solution agrees excellently with numerical solutions for small exothermal 

temperature peaks (< 10% of the adiabatic temperature rise) but the qualitative agreement is 

very good also for cases with significant exothermal peaks. 

The general solution can be used also for the case when the kinetic model is unknown 

and only experimental DSC results are available. 
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ABSTRACT: The permeability of an idealized unidirectional reinforcement consisting 
of regularly ordered, parallel fibres is derived starting from first principles (Navier-Stokes 
equations) both for flow along and for flow perpendicular to the fibres. First, an approx-
imate analytical solution for transverse flow is derived which differs from the Kozeny-
Carman equation for the permeability of a porous medium [91 in that the transverse flow 
stops when the maximum fibre volume fraction is reached. The solution for flow along the 
fibres has the same form as the Kozeny-Carman equation. A comparison shows excellent 
agreement between a numerical solution of the full flow equations and the approximate 
one at medium to high fibre volume fractions (1/1  > 0.35). The theoretical predictions of 
permeability were tested in a specially designed mould. The results from the experiments 
with an unsaturated polyester resin (Jotun P0-2454) and the unidirectional reinforcement 
did in all cases show excellent agreement with results predicted by Darcy's law (the square 
of the flow front position increases linearly with time if the injection pressure is kept con-
stant). The theoretical model could be fitted to the experimental data both for flow along 
the fibres and for cross flow based on data for flow along the fibres only. The fitting is ob-
tained by adjusting one parameter in the model, the effective fibre radius, to a value about 
four times larger than the real fibre radius (15 gm). Scanning electron microscopy shows 
that the fibres are arranged in bundles looking like cylinders with ellipsoidal cross section 
which may be the explanation for the effective fibre radius in the fitted model equation be-
ing larger than the real fibre radius. 

1. INTRODUCTION 

RESIN TRANSFER MOULDING (RTM) is a very attractive alternative for the 
production of high performance composites both in terms of production 

economics and versatility and in terms of environmental protection. In the RTM 
process resin is injected into a closed mould filled with dry fibre reinforcement. 
Usually the fibre reinforcement is preformed in a separate step to make it easier 
to position the fibres in the open mould before closing. The process steps and 

Reprinted from Journal of ComPosiTE MATERIALS. Vol. 26, No. 8/1992 
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many tips about practical RTM have been summarized by Hansen [1]. Some of 
the advantages with the RTM process are: 

• low investment costs 
• closed process with very small emission of solvents 
• wide range of possible resins and fibre reinforcements 
• tight tolerances 
• good surface quality on both sides 
• components with complex geometry 
• sandwich laminates with metal inserts 
• simple curing cycles 
• Both small and large components can be moulded. 
• inexpensive moulds 

The flow resistance in the reinforcement increases very rapidly with increasing 
fibre volume fraction so that when high performance parts with very high glass 
content are made the mould fill time becomes extremely long (several hours in 
many cases). Hence, if the production of high performance parts with RTM is to 
become an effective method it is important to understand how to minimize the 
flow resistance of different reinforcement materials. 

A problem in connection with the design of moulds for RTM is where to place 
the injection ports and ventilation valves. Typically, a poor positioning of the 
ventilation openings will lead to air entrapment which is unacceptable in a practi-
cal situation. Usually, the prudent mould designer prepares the mould with a 
number of extra ventilation openings which can be drilled open in case of diffi-
culties. However, this will make the mould more expensive and will also often 
affect the quality of the finished part. Hence, it would be very useful to have a 
mould filling model which can describe the mould filling process in a realistic 
way so that the correct position of the openings in the mould can be determined. 

Unfortunately, there seems to be a disagreement in the literature about the best 
flow model for RTM. The commonly used model for flow of resin in reinforce-
ments during the processing of composites is based on the so-called Darcy's law 
[2]. This model describes the flow of Newtonian fluids in porous media and it 
states that the volumetric flow rate  (Q)  through a constant area specimen is pro-
portional to the cross section area (A), the pressure difference over the specimen  
(ap)  and inversely proportional to the length in the streamwise direction of the 
specimen (L) and the viscosity (µ): 

A  Ap 
Q = K  7:  (I)  

The constant  K  with dimension [rn2] is termed the permeability. The model 
can, for an isotropic porous medium, be generalized to a differential formulation 
which is applied pointwise [3]:  

vi  = -  
Kp,,  

(2) 
A 
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where Cartesian tensor notation has been used. In this model the flow rate 
divided by the cross sectional area is replaced by a superficial velocity vector 
(flux density) which has components v;  that can be interpreted as the local flow 
rate per unit area in each coordinate direction (notice that the superficial velocity 
is not the local velocity in the voids formed by the solid material in the porous 
medium). Equation (2) can be generalized further by introduction of a tensor 
permeability  (Ko )  and the model can then be used to describe the flow in aniso-
tropic porous media: 

V, = — 

 

(3)  

 

Darcy's law in its original form is valid for the flow of Newtonian fluids in 
porous media but it is possible to formulate models also for non-Newtonian 
fluids [4]. 

Gauvin and Chibani [5] report experimental results with RTM, where the flow 
rate is not linearly dependent on the pressure gradient, in opposition to Darcy's 
law. They assume that the reason for the discrepancies is that the resin does not 
behave as a Newtonian fluid. Molnar et al. [6] also report similar results while 
Fracchia and Tucker [7] and  Gebart  et al. [8] report excellent agreement between 
experiments and Darcy's law. 

The permeability in the definition of Darcy's law can be measured directly in 
an experiment. In composites manufacturing it is often necessary to study the in-
fluence of variations in fibre volume fraction since the mechanical properties of 
the composite are to a large degree determined by  Vt. .  The permeability variation 
with fibre volume fraction has often been assumed to obey the Kozeny-Carman 
equation:  

K —  
4k II;  (4)  

where  k  is the so-called Kozeny constant and  Vf  is the fibre volume fraction. This 
equation was originally developed for granular beds consisting of ellipsoids 
[9] and it has been assumed that it is also valid for porous media consisting of 
fibres. The predicted permeability is isotropic which obviously is false for a 
unidirectional reinforcement where transverse flow is much more constricted 
than flow along the fibres. To remediate this deficiency of the Kozeny-Carman 
equation Gutowski et al. [10] have proposed a modification for unidirectional 
reinforcements with different values of the Kozeny constant in the different 
directions. One disturbing feature of both the original Kozeny-Carman equation 
and the modified version [10] is that the permeability to transverse flow is greater 
than zero for fibre volume fractions larger than the theoretical maximum V1  
which is obtained when the fibres touch each other and block transverse flow. 
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This problem was discussed by Gutowski et al. [11] who proposed the heuristic 
model: 

V:, ) 

3 

R 2 (  
K — 

i7 4k' \ 
J77 ± 1) 

(5) 

where 1/:, and  k'  are empirical parameters. This model exhibits a qualitative be-
haviour in accord with experiments. A weakness of both the Kozeny-Carman 
equation and the model proposed by Gutowski et al. [Equation (5)1 when applied 
in composites manufacturing is that the model parameters are only coupled to the 
geometry through the dependence on  R'  and that the detailed geometry de-
pendence is lumped together into the model parameter(s) which have to be deter-
mined in an experiment. Published results even indicate that the parameter  k  in 
the Kozeny-Carman equation may vary with fibre volume fraction for a given re-
inforcement [12]. 

An improvement on the Kozeny-Carman equation would be to take into account 
the detailed geometry of the fibrous reinforcements used in composites process-
ing. In many types of fabrics and mats the pore geometry is very complicated and 
difficult to handle theoretically on a micro-mechanic level. On the other hand, 
there are also simpler reinforcements of great importance in advanced compos-
ites like unidirectional, stitched mats which can be handled in a detailed theoreti-
cal analysis. The analysis of the flow behaviour of unidirectional reinforcements 
during the consolidation of prepregs or in filament wound components has, for 
transverse flow and quadratic fibre distribution, been done with a formal pertur-
bation approach by Hjellming and Walker [13]. Flow along the fibres has been 
treated by Emersleben [14] and Sullivan [15]. In the present paper a theoretical 
analysis of the permeability of an idealized unidirectional mat is performed both 
for flow along the fibres and for cross flow. The difference between the problem 
in this paper and that in Reference [13] is that in the former case the fibres are 
fixed in space and the flow is driven by an imposed pressure gradient while in the 
latter case the fibres are free to move in one direction and the flow is driven by 
the motion of the fibres. 

The paper is organised with the analytical theory for the permeability first in 
Section 2 followed by the numerical computation of permeability in Section 3. 
The experimental equipment and the experimental results are presented in Sec-
tion 4. Finally, the results are discussed and concluded in Section 5. 

2. THEORY 

2.1 General Background 

The theory section starts with a discussion of Darcy's law, the most commonly 
used model for flow in a porous medium followed by a computation of the perme- 
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ability of an idealized reinforcement consisting of parallel fibres. This computa-
tion is done assuming that the major contribution to the flow resistance comes 
from the narrow gap between the fibres. The approximate solution is compared 
to a numerical solution of the Navier-Stokes equations in Section 3 where it is 
found that the approximate theory is valid for a wide range of fibre volume frac-
tions. 

The notion of permeability can be motivated in a heuristic way following Col-
lins [3] by assuming a balance between viscous and pressure forces (inertia forces 
are neglected and hence we are only considering low Reynolds number, or creep-
ing, flow). 

Consider a sample of the porous medium in question with cross-sectional area 
A, porosity 4) and length L through which the volumetric flow rate is  Q  with an 
associated pressure drop tip. Introduce a control volume which encloses the fluid 
in the sample (this is of course a control volume with a very complicated geome-
try). If the sample is sufficiently large (much larger than the typical pore size) 
then the part of the control volume surface which is open to inflow is 4,A and this 
is also the area on which the pressure forces can act. The outflow area is also OA, 
hence, the resulting pressure force in the flow direction is  (p.  — Pa)  4,A where  p.  
is the pressure at the upstream side and pd  is the pressure at the downstream side. 
Next, we try to estimate the viscous forces. The total surface of the control 
volume on which the viscous forces act must be proportional to the total volume 
of the sample A .L. In a creeping flow (i.e., a very low Reynolds number flow) 
the relative distribution of velocity is independent of the magnitude of the veloc-
ity, hence the velocity and its gradient must everywhere be proportional to QIA. 
Thus, the total viscous drag on the fluid is proportional to µQL and the constant 
of proportionality, let us call it  B,  must be characteristic of the pore geometry. By 
equating the pressure forces against the viscous forces we can now arrive at 
Darcy's law:  

Q 4,p 

= Bt L 
(6) 

where we can identify the permeability  [K  in Equation (1)1 as cp/B which is a con-
stant characteristic of the medium which only depends on the geometry and po-
rosity of the medium (notice that, apart from the explicit dependence of perme-
ability on porosity,  B  is also a function of .1)). 

The definition of permeability in Equation (1) can also be used to compute the 
permeability in laminar flows in channels and ducts although one usually 
characterizes the flow characteristics in such cases with a so-called friction factor 
which is defined in a different way. All we need to know to compute the perme-
ability in any given case is the cross-sectional area A and length L of the sample, 
the volumetric flow rate  Q  through the sample, the pressure drop  Ap  over the 
sample and the viscosity µ of the fluid. As an example, consider the two-
dimensional laminar flow between two parallel walls separated by a distance  h.  
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The velocity profile is in this case parabolic from which the volumetric flow rate 
can be computed to: 

Ah2  A p 

Q 12  it  L 

The "permeability" of the plane channel flow can be found by inspection from 
Equation (7) to be h2/ 12. 

2.2 Permeability to Flow Perpendicular to the Fibres 

We will now compute the permeability of a porous medium which consist of 
parallel fibres. The fibres are arranged in a periodic pattern so that we only have 
to consider the flow in one "representative cell." The patterns that we are going 
to consider are a quadratic array [Figure 1(a)] and a hexagonal array [Figure 
1(b)]. The permeability will be highly anisotropic since the flow perpendicular to 
the fibres will be severely constricted while the flow along the fibre axes will have 
a relatively free passage. The analysis of the flow along the fibres is fairly 
straightforward and we will come back to this later after we have analyzed the 
flow perpendicular to the fibres. 

Let us assume that most of the resistance to flow perpendicular to the fibres 
comes from a small region close to the narrow gap which is formed between the 
fibres. If the fibres are very close together they form a channel with slowly vary-
ing area between them, by that we mean that the angle between the channel wall 
and the channel centre-line is small at all points along the channel. 

The analysis of flow in slowly-varying channels can be found in many text 
books on fluid dynamics [16] and the analysis will only be sketched here. The 
cross section area variation with streamwise distance is assumed to be so slow 
that inertia effects can be neglected (in the present case this is true for all geome-
tries since generally in RTM the pore Reynolds number is very small). If a 
constant pressure difference is maintained between two stations the pressure 
gradient will vary slowly with the streamwise coordinate and the velocity profile, 
v(y), will approximately be parabolic at each streamwise position in the follow-
ing way: 

11 2  dp (y2 ) 
v =  (8) 

where  h (x)  is the channel half height, p is the pressure, it is the viscosity,  x  is the 
streamwise coordinate and  y  is the vertical coordinate (see Figure 2). The 
streamlines are not exactly unidirectional but form a small angle with the axis of 
amplitude dh I dx = a  (x)  so that in addition to the streamwise velocity compo-
nent u there is a perpendicular component v of order au. 

(7) 
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(b)  Figure 1. 

Definition sketch of the idealized unidirectional reinforcement and the representa- tive cell for quadrec (a) and hexagonal 
 (b) 

 fibre packing. The arrows in 
 (b)  indicate the two 

"slots" in the representative cell through which the resin has to pass. 
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Figure 2. Definition sketch over the coordinate system and the channel half height in the 
analysis of the flow between the fibres. 

Equation (8) can be integrated over the channel cross section to yield the volu-
metric flow rate per unit length  q  in the fibre direction: 

= -  
2h 3 dp 

3L dx (9)  

from which we find an expression for the pressure gradient in terms of geometri-
cal and physical quantities: 

dp 3 tiq 

dx = 2 /13(x) 
(10)  

The total pressure drop between two stations a and  b  in the channel formed by 
the fibres can now be found from an integration of Equation (10): 

3 cli  
Pb — P. = 2 gq 1i 3(x) 

The channel half height  h  needed in the integral is 

Ii = A + R(1 (12) 
R 2 
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which for  x  4  R  can be written as  

R x 2  
h =  ä+-2- (13)  

which can be interpreted as a second degree polynomial approximation of the ge-
ometry for the circular fibres. Substitution of Equation (13) in Equation (11) and 
a simple change of variables makes it possible to rewrite the integral so that 
Equation (11) becomes  

b  

i.  

dt  
Pb — p. = — -;  5  V2R A 

(1  +  t 2)3  
a  

Jrg i  

However, before we present the solution to the integral we must discuss the 
limits between which the integral is to be computed. Our main goal is to compute 
the total pressure drop in the flow direction between two fibres. Notice that the 
integrand decreases very rapidly with increasing distance from the origin. The 
characteristic length of the integral, we may notice, is V2RA which is much 
smaller than  R  as long as AIR is much smaller than unity. This in its turn means 
that most of the contribution to the integral comes from the narrow gap between 
the fibres if A  /R  4 1. Moreover, we can see from a direct test that the value of 
the integral in Equation (14) is 1.170 if the limits are taken as —2 to 2 (corre- 
sponding to  x  I  R  from —41i /R to 4A  /R)  and it only increases to 37r/8 1.178 
if the integral is taken from — cc to co. The limits t = ±2 corresponds to points 
very close to the smallest section as long as ä/R is small. From this discussion 
it is clear that we may substitute 37r/8 for the integral in Equation (14) without 
much loss in accuracy to obtain: 

9r gq 
Pb Po  

which means that the pressure drop between two fibres in general can be writ-
ten as 

= -V2r ( de1
-5/2 

Ap —  9  
16 R 2  R  

We will in the next section, where the analytical results are compared to nu-
merical ones, see that the approximations above give accurate results even when 
AIR cannot be considered much smaller than unity. Equation (16) may be divided 
by the length L between the fibres to yield: 

Pqwoj 9../27  
L 16L R 2  kR J 

(14)  

(15)  

(16)  

(17)  
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where the subscript quad indicates that the result is valid for a quadratic array of 
fibres. The superficial velocity  Q  I A in the definition of Darcy's law [Equation (1)] 
is for the quadratic case equal to  q  I L, hence, the permeability can be identified 
from Equation (17) as: 

16 IA \ 

ICquad  97r  R)  R2  
(18) 

Equation (18) can be rewritten in terms of fibre volume fraction if we notice 
that the fibre volume fraction for a quadratic fibre arrangement is: 

oir 

V / 

1 ± 
(  

from which we see that A  /R  is 

A 

\1

1 Vfma, 
— = 1 
R VJ 

— 
 

where lifnux is the maximum fibre volume fraction r/4 which is achieved when 
the fibres touch. Substitution of Equation (20) in Equation (18) finally yields: 

)5/2 
16 ( /777-, —„ax  

Kiquad — 9/2 — 1 R2 (21) 
7r-\ 

In the case of a hexagonal arrangement of the fibres we can use much of the re-
sult above. First notice that the pressure drop over each "slot" in the hexagonal ar-
ray (indicated with arrows in Figure 1(b)] is the same as in the quadratic case 
[Equation (16)]. The length of the control volume in Figure 1(b) inside of which 
there are two slots, is 2(R + A). The pressure drop over this distance is of 
course twice that in Equation (16): 

uq 
AP = — 8  R'  1?) 

The superficial velocity  Q  I A is in this case [see Figure 1(b)]:  

Q  
A — 

2 L 

(19)  

(20)  

(22)  

(23)  
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and if we divide Equation (22) by L (the length in the flow direction of the repre-
sentative cell) and substitute the superficial velocity we can identify the perme-
ability in this case to be: 

16  (A)5/2
R2 K , — 

97r-\/-6 R) 
(24) 

We can also in this case rewrite the permeability in terms of fibre volume 
fraction: 

16  (
K11„, -- 

91r ,f6- Iff  
,

\I 

 Vfm.„ 
— 1 R2 (25) 

where Vfmax  in this case is 7r/(2,/ä). 

2.3 Permeability along the Fibres 

We now come to the question of permeability along the fibres. The frictional 
loss in a flow along a duct with arbitrary cross section, e.g., the duct formed in 
the space between the fibres, is usually expressed in terms of a friction factor  X  
(also called a resistance coefficient) which is defined as [171:  

Ap  2A,  
X =  

L  Q  U2  

where  Ap  and L have the same meaning as above and where D5  is the hydraulic 
diameter to be defined below,  Q  is the density of the fluid and where U is the 
mean velocity over the cross section. The hydraulic diameter is defined as 4 times 
the duct cross-sectional area A' divided by the wetted perimeter 0: 

4A' 
(27) 

 

The friction factor can be derived analytically for many cross sections (circu-
lar, triangular, quadratic, etc.) in laminar flows [16,18] and can then generally be 
expressed as: 

)5/2 

(26) 

(28) 

where  c  is a dimensionless shape factor and Re is the Reynolds number based on 
the hydraulic diameter:  

UD,, 
Re — 

V 
(29) 
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Table 1. Typical value of the numerical constant  c  
in Equation (28). 

Cross Section Shape Value of  c  

Right-angle isosceles triangle 52 
Equilateral triangle 53 
Square 57 
Circle 64 
Rectangle (3.5:1) 71 
Annulus (d1/d2 — 1) 96 

where 11 is the kinematic viscosity  µ/Q.  The shape factor  c  takes different values 
for different cross sections and some examples are shown in Table 1 (the values 
are taken from Schlichting [17]). The shape factor  c  will in general be a function 
of fibre volume fraction for any given fibre arrangement since an increase in fibre 
volume fraction can only be caused by moving the fibres closer to each other, 
resulting in a different duct cross section shape. Before we continue with the deri-
vation of the permeability we need to relate the quantities in the expression for 
the friction factor to those previously introduced. The duct cross section A', 
which is the part of the total cross section through which resin can flow, differs 
from the area A used in the definition of Darcy's law, which is the total cross sec-
tion of the sample including solids. The ratio of the two areas can be expressed 
in terms of fibre volume fraction: 

A ' 
-*= 

- 1 — V 
 

We can also express the hydraulic diameter  Db  in terms of fibre volume frac-
tion as: 

2(1 — Vf )  
Db — R 

Vf  
(31) 

Substitution of Equations (27)—(31) in Equation (26) and identification of the per-
meability yields 

(32) 

It is quite straightforward to compute (numerically) the value of the shape fac-
tor  c  for any fibre volume fraction both in the quadratic and the hexagonal case. 
However, it is clear from Table 1 that the variation in  c  will be modest and we 
will therefore in the following approximate  c  with the value it takes for a qua-
dratic  (c  = 57) and an equilateral triangle duct  (c  = 53) in the quadratic and 
hexagonal case, respectively. 

(30) 
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A comparison between Equation (32) and Equation (4) shows that the shape 
factor  c  is related to the Kozeny constant  k  as  c  = 32k. The present derivation 
shows that the Kozeny-Carman equation is strictly valid for flow along the fibres 
in a unidirectional reinforcement. Moreover, it is also clear from the derivation 
above that the Kozeny constant is really to be considered as a weak function of 
fibre volume fraction and not as a constant. 

The permeability for the two cases, quadratic and hexagonal arrangement of 
fibres, can be written in a common form: 

8R2  (1  —  V43  
KI  —  

c V; 
(33) 

5/2 

= — 1) R 2 (34) 
vf  

where Equation (33) describes the permeability to flow along the fibres and 
Equation (34) describes the permeability to cross flow. The parameters  C,  and 
'Ifni., depends on the fibre arrangement (quadratic or hexagonal arrangement) 
but not directly on the fibre radius or the fibre volume fraction while the parame-
ter  c  depends on both fibre arrangement and the fibre volume fraction. The nu-
merical model parameters and the equivalent Kozeny constant (corresponding to  

c)  for flow along the fibres are summarized for the two types of fibre arrangement 
in Table 2. 

3. NUMERICAL SIMULATION OF THE FLOW IN A 
REGULAR ARRAY OF FIBRES 

The approximate solution for the permeability to flow perpendicular to the 
fibres has been compared to a numerical solution of the same problem. The prob-
lem was solved with the finite difference fluid flow code Harwell-FLOW3D [19] 
which solves the Navier-Stokes equations in a boundary fitted coordinate system. 

The problem to be solved may be stated as follows: find the velocity field 
caused by an imposed pressure gradient ApIL perpendicular to the fibres in the 

Table 2. Numerical values of the parameters 
in Equations (33) and (34). 

Fibre 
Arrangement  c,  V,„„„ 

Quadratic 

Hexagonal 

16 7r 

4 
57 

53 

1.78 

1.66 

91r V2 

16 

2../3 
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pore space between the fibres in a quadratic array and compute the permeability 
from the solution. 

The computation was done at a very low Reynolds number (4 1) so as to make 
the flow effectively a creeping flow. For the quadratic case, the symmetry of the 
problem is utilized so that only the lower half of a representative cell [see Figure 
1(a)] is meshed while for the hexagonal case a larger region must be meshed. The 
finite difference grid with 40 cells in the flow direction and 30 cells in the cross-
flow direction was generated with a so-called complex grid smoothing scheme 
(see Figure 3). 

Before the computation is done, it is advantageous to introduce a new pressure-
like variable  p'  defined by: 

, Ap  
P=P L  x  

where  p  is the static pressure, ApIL is the imposed pressure gradient and  x  is the 
coordinate in the flow direction. Equation (35) substituted in the Navier-Stokes 
equations yields 

D(eu)  
Dt 

—  —17/3'  + pV 2u + 
Lp 

e  (36) 

where DIDt is the total time derivative and where  e,  is a unit vector in the  
x-direction. The advantage with this transformation is that in the modified prob-
lem all variables have periodic boundary conditions at the upstream and down-
stream boundaries. The inertia terms on the left-hand side of Equation (36) were 
kept in the numerical simulations although it would have made no difference if 
they had been ignored since the Reynolds number is very small. The permeabil-
ity can be computed from the resulting velocity field by first integrating the veloc-
ity profile over the cross section to obtain the total volumetric flux  Q  into the flow 
domain. Knowledge about the total cross-sectional area A, the imposed pressure 
gradient ApIL and molecular viscosity of the fluid  p,  will then enable us to com-
pute the permeability  K  from the definition in Equation (1). 

Harwell-FLOW3D incorporates several solution algorithms out of which a 
modified version of the SIMPLEC algorithm [20] was chosen for the present 
problem. The  SIM  PLEC algorithm is an iterative scheme of pressure correction 
type for which each iteration takes very little effort but which may need a large 
number of iterations to reach convergence. The algorithm uses heavy under-
relaxation on all variables as default since it is intended primarily for advection 
dominated flows (high Reynolds number flows). In the type of problems with 
which we are concerned in this paper we could probably use much less under-
relaxation without causing divergence which would reduce the number of itera-
tions to convergence. However, the interest in the present study is not in the 
numerics and the under-relaxation parameters are therefore left at their default 
while the iterations are allowed to continue until convergence is reached. In all 

(35) 



Figure 3. Finite difference grid for the numerical computation of permeability in the idealized unidirectional reinforcement with 
quadratic fibre arrangement gm = 0.5 or equivalently  Vf  = 0.35). The symmetry of the problem is utilized so that only one-
half of the representative cell needs to be considered. 
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Figure 4. Convergence plot of the normalized permeability versus the number of iterations 
for a fibre volume fraction of 35%. 

computations the convergence criterion was that the permeability must approach 
a stationary value. It was fairly easy to judge when this was the case if the 
permeability was plotted versus the number of iterations since the convergence 
was monotonous and quite fast to start with (see Figure 4). Interestingly, the ve-
locity field looked reasonable after a few hundred iterations but the permeability 
was then far from its final value. In all the results presented here 2000 iteration 
"sweeps" have been performed which took about one hour on a DECstation 3100 
workstation (optimization of the equation solver parameters would probably 
reduce this time significantly since, basically, the problem is linear). 

The resulting velocity field for a fairly large fibre to fibre distance (A  /R  = 
0.35) in a hexagonal array is shown in Figure 5. Notice that the velocity vectors 
at the smallest cross section indicates a parabolic velocity profile. The computa-
tion has been repeated for 4 different fibre volume fractions both for the quadratic 
and the hexagonal case and the resulting permeability is compared to the approx-
imate formulas [Equations (33) and (34)] in Figure 6 where the lines correspond 
to the approximate solution in Section 2 and the symbols correspond to the nu-
merically computed values. The agreement between the numerical and the ap-
proximate solution is excellent at high volume fractions as expected since this is 
where the approximation of nearly touching fibres is valid but the approximate 
results are quite good also at lower V f.lt is quite surprising (and fortunate) that 
the agreement between the analytical and the numerical results at low fibre vol-
ume fraction is so good since it was assumed that AIR 4 I in the analysis (the 
error in  K  is less than 10% at a fibre volume fraction of 0.35 where AIR is 0.5 
for the quadratic case). 
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In the approximate solution (Section 2) it was assumed that most of the pres-
sure drop is generated in a small region close to the narrow gap between the 
fibres. Figure 7 shows the wall friction along the channel wall for two cases with 
quadratic arrangement and a fibre volume fraction of 35% and 65%, respec-
tively, and it can be seen that the high shear region becomes more concentrated 
to the narrow gap with increasing fibre volume fraction. In the 35% case about 
90% of the total drag comes from a 900  sector enclosing the gap (from — 1/./2 
to 1/V2 in Figure 7) while in the 65% case it comes from an even smaller sector. 

4. EXPERIMENTS 

4.1 Objectives 

The experiments were aimed at testing the theory presented in Sections 2 and 
3. It was therefore of utmost importance to minimize all experimental errors as 
much as possible. One of the most obvious errors that may occur is that the 
mould halves are displaced by the injection pressure so that resin leaks around 

FIBRE FIBRE 

z7 N • 

,„ 

- • -_ —  I  ". _ - _ - _ 
,z- - - - 

N. N 
N 

\ . -  
FIBRE 

Figure 5. Velocity field from the numerical computation of the flow between the fibres in the 
hexagonal case (V, = 0.50). The velocity vectors have been interpolated from the 30 by 40 
computational mesh to a coarser mesh to facilitate interpretation of the result. 
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Figure 6. Normalized permeability versus fibre volume fraction. The solid line is computed 
from the approximate solution (Equation (21)) for the quadratic case and the dashed line is 
computed from the corresponding expression (Equation (25)) for the hexagonal case. The 
symbols are numerically computed values for the permeability in the hexagonal (U) and qua-
dratic (0) case respectively. The approximate solution agrees excellently with the numerical 
solution at higher fibre volume fractions but also at lower fibre volume fractions (V, = 0.35) 
the error is less than 10%. 

= 0.5 

= 0.1  

x  

Figure 7. Numerically computed normalized wall shear stress for two fibre spacings (<)  
Vf  V, = 0.35, 2: V, = 0.65). The wall shear stress is normalized so that the integral of shear 
stress is unity for both cases. The major part of the total stress is generated in a small interval 
close to the smallest section of the channel between the fibres (x/R = 0), this interval 
decreases with increasing fibre volume fraction. 
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the reinforcement and so that the cross-sectional area is changed from the 
nominal value. Another possible error occurs with poor temperature control 
which, in combination with the large variation of viscosity with temperature, 
leads to large errors in the computation of permeability. Ideally the reinforcement 
should consist of only parallel fibres. Such a reinforcement was manufactured in 
some of the preliminary experiments but it was found to be impossible to inject 
resin into the mould without displacing the fibres and thus violating one of the 
assumptions in the theory, namely that the fibres are immobile. Hence, it was 
necessary to accept at least some binder and stitching in the reinforcement and 
a commercially available reinforcement (Ahlstro-rn R12-256), which consists of 
parallel fibres lumped together in bundles with a small distance between the 
bundles, was chosen to mimic the idealized reinforcement in the theory. It was 
assumed at the planning stage of the experiment that compression of the rein-
forcement in the mould would bring the fibre bundles in different layers close 
enough to each other so that the fibre arrangement in the theory was obtained (see 
below for results from scanning electron microscopy). 

4.2 Equipment 

The experimental mould has a cavity with variable thickness, the width is 200 
mm and the length is 2000 mm (Figure 8). The cavity thickness is adjusted with 
spacers to the desired thickness, typically 3 mm. The mould is sealed with a 
fairly thick silicon sealing between the upper and lower mould half. The sealing 
will expand in the horizontal direction into the mould when the mould is closed 
and the sealing is compressed and it will thereby tightly seal the sides of the fibre 
reinforcement which is being tested if it fits sufficiently well in the mould. The 
lower half of the mould is made of 50 mm thick aluminium which provides a stiff 
base which expands very little when it is placed under the pressure that occurs 
in RTM (typically less than 1 MPa). The upper half of the mould is made from 
transparent PMMA to make observations of the flow. The PMMA is fairly flexi-
ble compared to the aluminium and the upper half thickness is therefore chosen 
to 50 mm (the thickest commercially available quality that we could find), in ad-
dition the upper half is stiffened with 50 mm high steel U-profiles (approximately 
5 mm thick), spanning the width of the mould, equally spaced 200 mm apart. 
The displacement of the upper mould half by an internal over-pressure was mea-
sured with a micrometer gauge and it was found that the displacement was about 
0.1 mm for an over-pressure of 0.4 MN (all injections were later done with an 
injection pressure less than 0.2 MPa). Thus, leakage around the reinforcement on 
all four sides of the rectangular cross section of the mould is eliminated as long 
as the reinforcement is cut to a snug fit in the mould and as long as the injection 
pressure is kept low enough. 

The aluminium lower mould half is provided with drilled horizontal holes with 
200 mm spacing through which heated water is circulated to ensure an even tem-
perature. To minimize the temperature differences between different parts of the 
mould the heating water is circulated first in the even numbered holes on its way 
from the bleeding side of the mould to the injection side and then in the odd num-
bered holes on the way back. 



2000 rim 

In jection Plug 

ri Silicon Sealing 

200 rim  

Figure 8. Sketch over the experimental mould. Top: Experimental mould seen from above. Lower left: Section through the thickness 
of the mould through one of the sensor plug positions The sealings are placed in the rectangular recesses to the left and right just 
Inside the spacers. Upper right: Silicon sealing cross section. Lower right: Section through the injection plug into which the injection tip from the pressure pot fits. 
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The PMMA upper mould half is not resistant to solvents like styrene and it was 
therefore protected with a thin polyester film (trade name Mylar). 

The two mould halves are kept together with bolts spaced evenly 200 mm 
apart. In the experiments the bolts were drawn to a common torque (typically 
20-30  Nm)  so that an even pressure was applied on the reinforcement and 
spacers. A torque of about 20  Nm  was usually sufficient to compress the rein-
forcement to the thickness determined by the spacers although it was found in 
some preliminary experiments with continuous mat that higher torques may be 
necessary for "springy" reinforcements. 

All injection points, bleeding points and sensor positions are located in the 
lower mould half to avoid obscuring the view of the resin flow in the mould as 
much as possible. The sensors, injection ports and vents are located in standard-
ized plugs which can be moved arbitrarily between 15 different positions (see 
Figure 8). 

The injection of resin is made with a pressure vessel, a so-called "pressure 
pot," in which a beaker with precatalyzed resin can be placed. A tube protrudes 
from the lid of the pressure vessel into the resin and when pressure is applied in-
side the pressure pot the resin is forced to flow through the tube via a valve and 
into the mould. 

The pressure was measured both in the pressure vessel with a mechanical pre-
cision pressure gauge and at the start of the fibre reinforcement with a Dynisco  
IDA-370 pressure gauge. The in-mould pressure gauge was calibrated before each 
run against the mechanical precision pressure gauge. 

Temperature control was provided by preheating the resin to the mould tem-
perature which was held constant during the experiment with circulating water. 
The water temperature was controlled with a regulated heater/cooler (Conair-
Churchill 4-100). The mould temperature was measured with type  K  thermo-
couples through an electronic thermometer with built in cold junction (Line Seiki 
TC1100). Usually the resin temperature in the pressure pot decreased to a value 
a few degrees below the mould temperature during a typical injection but this 
temperature decrease was restored already in the inlet part of the mould as could 
be seen from direct temperature measurements in the inlet. 

The reinforcement used in the experiments was Ahlstro-rn R12-256 which con-
sists of parallel rovings (1200 tex) separated by about one roving width (see 
Figure 9). The rovings are loosely knitted together. The reinforcement was either 
put into the mould with the rovings in the flow direction (0°) or perpendicular to 
it (90°). The surface weight of one layer Ahlstro-m R12-256 was measured by 
weighing to be 265.6 g/m2  out of which about 1.6% was from the knitting. The 
fibre volume fraction was computed from 

rz • trz,  
(37) 

f • h 

where  n  is the number of layers, m, is the surface weight of one layer (0.2656 
kg/m2), Qf is the fibre density (2560 kg/m') and where  h  is the thickness of the 
mould cavity (3 mm). 
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Figure 9. Photograph of the unidirectional reinforcement (Ahlström R12-256) which was 
used in the experiments. 

The resin which was injected is a standard injection type (low viscosity) un-
saturated polyester (Jotun Norpol P0-2454) which was found to have no shear 
thinning behaviour (see Section 4.3 for details about the viscosity). 

The flow rate during the injection was measured indirectly through observation 
of the moving resin front in the mould. The flow rate can then be computed if the 
fibre volume fraction is known. However, the direct computation of flow rate was 
not necessary since the permeability can be determined directly from the motion 
of the flow front as explained below. 

The evaluation of the permeability  K  of the experimental reinforcements was 
done with a formula derived from Darcy's law. Integration of Darcy's law with the 
assumption that the pressure at a reference point (the beginning of the reinforce-
ment in the mould), the permeability in the streamwise direction and the fibre 
volume fraction is constant yields:  

K Ap 
xj =  2  

fL  (1  —  Vf ) 
(38) 

where xf  is the front position measured from the reference point (the beginning 
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of the reinforcement) where the pressure is measured,  Ap  is the pressure drop 
from the reference point to the flow front where atmospheric pressure is present, 
it is the viscosity and where V1  is the fibre volume fraction. Equation (38) is valid 
provided that an additional pressure drop from the air flow through the reinforce-
ment in front of the resin and effects from surface tension at the flow front can 
be neglected. In an actual experiment the permeability can be deduced from a 
least-squares fit of the experimental data to Equation (38). The slope  k  of the best 
fit to the line:  

x;  = kt (39)  

can be identified in Equation (38) as  

k = 2 
g (l - I/1) 

from which the permeability can be deduced. This way of evaluating data has the 
good side effect of providing a spatial average of the permeability and of minimiz-
ing the effect of reading error. It was found in all the experiments that the data 
agreed excellently with Equation (39) even in some of the preliminary experi-
ments when it was obvious that a lot of the resin passed on the sides of the rein-
forcement. This is not so surprising theoretically since a narrow channel also fol-
lows Darcy's law as is shown in the theory section above. 

4.3 Results 

The viscosity of three different unsaturated polyester resins and one  vinylester  
resin (Jotun Norpol P0-2454, Jotun Norpol P0-4105, Neste F718E and BASF 
Palatal A430-01) was measured with a viscosimeter (concentric cylinder,  Bohlin  
Visco-88BV) to check for non-Newtonian behaviour. The viscosity was found to 
vary very little with shear rate (Figure 10) although it was possible to detect a 
small variation at the lowest shear rates. The shear rate in the pores during the 
present experiments can be estimated from (assuming a parabolic profile in the 
slot between the fibres): 

K Ap  
(40) 

du 

= 

  

— I/1) 3A'f  
(41) 

 

(  

   

 

R 

V: — 

 

    

where  R  is the fibre radius. V1  is the fibre volume fraction and where .1', is the 
expected flow front velocity. Typical values in the experiments are a fibre volume 
fraction of about 0.4, a flow front velocity of less than 10 cm per minute and a 
fibre radius of about 10 gm which gives a shear rate of about 750 The viscos- 
ity measurements show no variation of viscosity with shear rate up to a shear rate 
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Figure 10. Viscosity versus shear rate for three typical injection polyesters and one  
vinylester.  The resin viscosity shows very little dependence on shear rate in all four cases. 

of about 1200 s. Thus, there is no reason to believe that the experimental results 
in the present case should deviate from Darcy's law due to non-Newtonian be-
haviour of the fluid. 

The viscosity variation with temperature of the resin used in the permeability 
experiments was also investigated. The results in Figure 11 where the logarithm 
of viscosity is plotted against 1/ T shows that the viscosity has an exponential tem-
perature dependence 

= (42) 

where no  and a are experimental constants. 
The viscosity also varies with the degree of cure but in the present experiments 

it was desirable to have a constant viscosity during the injection. A separate set 
of experiments i/vas therefore performed in which the catalyst concentration was 
optimized so that the viscosity is close to constant during the injection but which 
will still give an acceptable degree of cure at demoulding time. The viscosity var-
iation with time for one combination of base resin (Jotun Norpol P0-2454), 
cobolt accelerator (Jotun 9802, 0.2%), MEK peroxide catalyst (Jotun N:o 1, 1%) 
and inhibitor (Jotun NLC-10, 200  ppm)  is shown for 3 different temperatures in 
Figure 12. The results in Figure 12 show that the viscosity is very close to con-
stant for at least 15 minutes at 36°C. Most of the injections were done at about 
35°C or lower and only data from the first 15 minutes were used in the evaluation 
of the permeability. 
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Figure 11. Temperature dependence of viscosity for the polyester which was used in the 
experiments (Jotun Norpol P0-2454). 
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Figure 12. Viscosity variation as a result of increasing degree of cure at three different tem-
peratures for the experimental polyester (Jotun Norpol P0-2454). 
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The permeability measurements were done with varying fibre volume fraction 
both for 00  and 90° laminates. Figure 13 shows the results for flow along the 
fibres at three different fibre volume fractions and it can be seen that the flow 
front moves in excellent agreement with Darcy's law (x12  proportional to time). 
Moreover, also for flow perpendicular to the fibres the experimental results are 
in excellent agreement with Darcy's law as can be seen from Figure 14 where the 
results for three different fibre volume fractions are plotted. The experiment with 
flow along the fibres and a fibre volume fraction of 0.45 was repeated with 3 
different injection pressures of 0.7, 0.9 and 1.9 bar. The result for the flow front 
is shown in Figure 14 where the square of the flow front position is normalized 
with the pressure and plotted versus time. According to Darcy's law xf /äp 
should be independent of the pressure difference äp but the results in Figure 15 
show a small variation with äp. It seems likely, however, that the variation is a 
result of measurement errors since the curve for the lowest pressure lies between 
the two other curves. 

In the previous section it is explained how the permeability can be computed 
from the slope in a linear fit of xj to time and experimental values for äp,  g  and 
V1. The results both for 0° and 90° laminates are compiled in Figure 16. The up-
per solid line in Figure 16 is computed from the theoretical expression for 
permeability to flow along the fibres with an effective fibre radius of 42 gm and 
it agrees well with the experimental data. The lower line is computed from the 
theoretical expression for permeability to flow perpendicular to the fibres assum-
ing a quadratic fibre arrangement and the same effective fibre radius as for the up-
per solid line (42 gm). Notice, that the experimental values for the cross flow 
agree well with the theoretical prediction even though the fitting of the model pa- 
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Figure 13. Experimental square of flow front position versus time for flow along the fibres. 
The results agree well with the straight lines predicted from Darcy's law. 
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Figure 14. Experimental square of flow front position versus time for flow perpendicular to 
the fibres. Also in this case the results agree well with the straight lines predicted from Dar-
cy's law. 
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Figure 15. Flow front position squared normalized with injection pressure versus time. The 
data which according to theory should collapse on one line scatters on both sides of a 
straight line. 
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Figure 16. Summary of all permeability measurements both for flow along and perpendicu-
lar to the fibres. The top solid line is a fit (effective fibre radius 42 iim) of the theoretical ex-
pression for the permeability to flow along the fibres while the lower line has been computed 
from the theoretical permeability for cross flow assuming the same effective fibre radius as 
in the top line.  

rameters  for cross flow has been done based on results for flow along the fibres 
only. An improved fit to the data can be obtained if the model parameters are 
fitted with a least-squares method to the cross flow results. 

The underlying assumption in the derivation of the theoretical results is that the 
fibres are positioned in an ordered way, either in a quadratic or a hexagonal array. 
A number of scanning electron micrographs were done to get an idea about the 
real fibre distribution (see Figure 17). Studies at larger magnification than in 
Figure 17 shows that the fibre diameter varies markedly up to about 20% from the 
mean. It is clear from the micrographs that the fibres in the bundles stay together 
during the injection although the bundles are a little flattened by the closing of the 
mould. Also inside each fibre bundle the fibres are irregularly spaced. The flow 
tends to seek the "path of least resistance" which in the present case is the path 
between the fibre bundles. The fibre arrangement in the micrographs is far from 
the idealized arrangement in the theory in Sections 2 and 3. The implications of 
this fact will be discussed in the next section. 

5. DISCUSSION AND CONCLUSIONS 

The results from the present investigation shows that Darcy's law is a good ap-
proximation for the flow in RTM when the resin behaves as a Newtonian fluid. 
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The main evidence of this is that the square of the flow front position (xi) in-
creased linearly in time when resin was injected at constant pressure. Deviations 
from this result has in the present investigation been noticed only in a few cases 
and the reason was in all these cases that resin leaked around the reinforcement 
on one or all of the sides instead of flowing through the reinforcement. The 
reason for results deviating from Darcy's law reported in the literature [5,6] may 
be imperfections in the experiments similar to those mentioned above but it may 
also be due to a different rheological behaviour of the fluids used in these experi-
ments. 

In the derivation of the approximate expression for the permeability to cross 
flow in Equation (34) a number of simplifications were done. First, it was 
assumed that all inertia effects were negligible (creeping flow approximation), 
secondly, the channel geometry formed by the fibres was approximated with a 
parabola and thirdly, the integral of the pressure gradient along the flow direction 
was approximated with its value for an infinitely long channel. The two latter ap-
proximations are perfectly legitimate provided that A/R 4 1. This is not strictly 
true for the typical range of volume fraction encountered in RTM where A  /R  in 
some cases may be only slightly smaller than unity. However, the numerical 
results show that the approximate solution gives accurate results even when 
A  /R  = 0.5 with an error compared to the numerical value of less than 10%. 
Thus, we may with confidence assume that the theoretical result in Equation (34) 
is valid within a wide range of fibre volume fractions. 

It was shown in the present paper that, for parallel flow, the Kozeny constant  
k  is 1/32 of the shape factor  c.  Moreover, the shape factor was shown to be, with 
uniform packing in a perfect arrangement, a (weak) function of fibre volume 
fraction. We have in the present paper approximated the shape factor  c  with the 
value it would take if the duct formed between the fibres was formed as a square 
or a triangle for quadratic or hexagonal packing. The corresponding value for the 
Kozeny constant is 1.78 for the quadratic fibre arrangement and 1.66 for the hex-
agonal (Table 2). The exact value of the shape factor  c  for different fibre volume 
fractions and fibre arrangements is still unknown, although it seems likely that its 
value is close to what was assumed above. 

It is instructive to compare the model to published results from experiments 
with more uniform fibre distribution than that in the present experiments. Wil-
liams et al. [12] have experimentally measured the Kozeny constant for different 
types of aligned fibres and parallel flow. Their investigation was among other 
things concerned with surface effects and variations of fibre distribution. Other 
interesting results can be found in data from experiments on consolidation of 
"prepregs" [11,21]. The ratio between the effective and the real fibre radius for 
flow both along and transverse to the fibres in References [11], [12] and [21] has 
been computed from Equations (33) and (34) and the results are summarized in 
Table 3. The two values for the ratio in each direction corresponds to an assump-
tion of quadratic and hexagonal packing respectively. The effective fibre radius is 
seen to be larger than the real fibre radius for flow along the fibres for both pack-
ings while the real fibre radius is within the limits predicted by theory for trans-
verse flow. Even though the agreement is less than perfect, it seems to be possible 
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Figure 17. Typical cross section through the laminate as viewed in scanning electron 

microscopy (V, = 0.35). 
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Figure /8. Comparison between permeability to cross flow predicted assuming hexagonal 
packing (solid line), quadratic packing (dashed line) and from the Kozeny-Carman equation 
(dash-dotted line). The Kozeny constant  k  in the Kozeny-Carman equation has been chosen 
so that the predicted permeability is the same as that from the hexagonal packing case in 
the present paper at a fibre volume fraction of 0.4. 

to estimate the permeability of uniformly packed and well aligned fibre beds such 
as prepregs with acceptable accuracy based only on geometrical information 
about the fibre bed. 

The measured permeability both for flow along the fibres and for transverse 
flow is much smaller in References [11], [12] and [21] than that measured in the 
present study. The reason is that the fibre assembly used here consists of sepa-
rated fibre bundles with large gaps between them (Figure 17) through which most 
of the resin will flow. The situation would not be much different if the fibre 
bundles were completely impenetrable. This corresponds to a situation similar to 
that assumed in the theory above but with the bundle radius as a parameter in-
stead of the filament radius. Figure 17 also shows that the bundles are flattened 
instead of round as assumed in the theory. Generalization of the model for this 
new geometry is straightforward for parallel flow and would result in a larger 
length measure (from a larger hydraulic diameter) in Equation (33). The shape 
factor  c  (or Kozeny constant) in Equation (33) would also change but Table 1 
shows that the variation in shape factor is quite small even when the cross section 
shape changes considerably. The new "effective" fibre radius must be smaller than 
the uncompressed bundle radius since the deformation of the fibre tows result in 
larger flow paths around them. It is more difficult to say how the model for trans-
verse permeability would change but the proposal here is that Equation (34) is 
modified in a similar way to Equation (33) by the use of an effective fibre radius. 
The proposal is supported by the result in Figure 16 where the top solid line is 
the model prediction of permeability for parallel flow with an effective radius of 

1x10-5
0 
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42 p.m. The lower solid line which agrees quite well with the experiment is the 
model prediction with the same effective radius for transverse flow and the same  
C,-value as for a quadratic fibre distribution. 

For comparison purposes the Kozeny-Carman equation is compared to the 
cross-flow permeability for quadratic and hexagonal packing in Figure 18. The 
Kozeny constant  k  in the Kozeny-Carman equation has been chosen to 8.0 so that 
the resulting permeability agrees with that for hexagonal packing when the fibre 
volume fraction is about 0.4. In the range of fibre volume fraction between 0.3 
and 0.5 the results differ very little indicating that the choice of model is not so 
crucial in this range. However, when the fibre volume fraction increases above 
about 0.5 there is a very large difference in that the permeability developed in the 
present paper decreases very rapidly with increasing fibre volume fraction and 
drops to zero when V1 equals the theoretical maximum value [iri(2-%/j) for hex-
agonal packing]. The Kozeny-Carman equation on the other hand predicts a value 
greater than zero even when V1 is bigger than its maximum possible value. 
Notice, that modification of the Kozeny-constant  k  will only scale the Kozeny-
Carman curve vertically without changing its shape. Hence, it is certainly possi-
ble to approximate the permeability to transverse flow in a limited interval of V1  
with the Kozeny-Carman equation but this will then result in a worse fit to the 
data outside this interval. 
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ABSTRACT 

The influence of different process variables on the void content in Resin Transfer Moulding 

(RTM) has been investigated experimentally. The mouldings were made in a flat mould filled 

by a parallel flow from one edge of the laminate to the other. The voids were found 

concentrated in a narrow region close to the ventilation side of the laminate. The void volume 

fraction in this region was almost constant and dropped over a short distance to basically no 

voids in the rest of the laminate. Micrographs from cross sections in different directions 

revealed that the voids were of two different types, long cylindrical bubbles inside the fibre 

bundles and larger spheroidal bubbles in the space between the fibre bundles. An efficient way 

of reducing the void content was to use vacuum assistance during mould filling. This technique 

was beneficial both for the magnitude of the void content and for the extent of the void region. 

The void content with the highest level of vacuum assistance (— 1 lcPa absolute pressure), was 

practically negligible. Strong indications for void generation by mechanical entrapment at the 

flow front was found. The lowering of the void content with vacuum assistance can be 

interpreted as a result of compression of voids when the vacuum is released and a higher 

mobility of voids created at a lower pressure. 



INTRODUCTION 

A well known problem with manufacturing methods for polymer composites such as Resin 

Transfer Moulding (RTM), Compression Moulding of SMC (SMC), Filament Winding and 

the Autoclave Process is that the finished part contains voids. For some applications a modest 

void content in the composite is acceptable while for other applications where high strength 

[1],[2],[3],[4], high water resistance [3], high dielectric strength [5] or a fine surface finish [6] 

is required, it is of utmost importance that the void content is low. 

The relationship between the void content Vv  and inter-laminar shear strength (ILSS) of 

AS4/PMR-15 unidirectional composites can serve as an example of the severe influence from 

voids on the properties. Experiments show that the inter-laminar shear strength of this laminate 

decreases more than 20% compared to a void free laminate when the void content is increased 

to 5% [1]. 

The void content in the finished RTM composite will be determined by the initial void 

content in the resin, void formation during the injection and void growth or void shrinkage 

during cure. One possible mechanism for void formation is gas formation due to chemical 

reactions between resin and catalyst [7]. Another mechanism for void formation is mechanical 

entrapment of air during mould filling [8,9, 10, 11, 121. The void content is also influenced by 

water diffusion into voids or nuclei during cure [13, 14]. 

Hayward and Harris [4] have studied some of the factors that affect the void content during 

the filling of the mould in RTM with polyester resin and they show that the amount of voids 

decreases and the shear strength and the flexural strength of the composite increases when 

vacuum assistance of the order of 70% (0.03 MPa absolute pressure) is used. Photographs of 

the filling of the mould under evacuated conditions are studied in [12] and it is shown that the 

volume of individual bubbles decreases when the mould is evacuated. The effect of vacuum 

assistance is further studied by Hayward & Harris [10] and they show that the quality 

improvement of the composite when vacuum assistance is used does not result from an 

increased injection pressure or a removal of moisture and contaminations from the surface of 

the fibres. The most likely reason for the improvement in quality associated with vacuum 

assistance would be that it is mainly a mechanical effect resulting from a reduced pressure in 

trapped air pockets. This would then lead to an improved degree of penetration of the resin into 

such regions under vacuum assistance conditions. Another interesting result from [10] is that 

the degree of wetting of the resin is determined by the instantaneous conditions at the position 

where the resin front first meets the glass fibre. 

This experimental observation agrees with results from [8] where a model of mechanical 

entrapment of air in fibre bundles for flow perpendicular to the fibres neglecting the capillary 

forces is developed. The concept is that the permeability inside the fibre bundles is much lower 

than that in the channels outside the bundles and that as a result the resin will first flow around 

the fibre bundles entrapping air (gas) in the bundles. The pressure in the resin surrounding the 
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fibre bundle with the trapped air will increase as the filling continues and the voids will 

consequently become smaller. If the pressure exceeds the vapour pressure of the entrapped gas, 

the void should finally dissolve into the fluid. 

When the fibre bundles are aligned with the flow direction it is theoretically shown in [15] 

that voids can not be trapped at the flow front in a reinforcement where both the fibres in the 

fibre bundles and the fibre bundles themselves are perfectly distributed in the mould. However, 

in the fabrics common in RTM there will always be channels of different sizes in which the 

resin can travel at different velocities due to difference in viscous forces and capillary pressure. 

In such a case it can be shown that there is a potential for void formation both when capillary 

pressure dominates over the injection pressure and vice versa [16, 17, 181. 

The variation of void content with position in the laminate was investigated in [19] and it 

was found that the voids were concentrated to the ventilation side of the laminate. The present 

paper contains a considerable extension of the results in [19] that makes it possible to draw 

conclusions about the influence from different process parameters on the void content in RTM 

moulded laminates. 
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EXPERIMENTS 

Experimental procedure 

The rectangular mould used for the experiments in this study have dimensions 0.16  x  0.88  x  

0.003 m3  (see Figure 1) and is equipped with a transparent upper mould half so that the flow of 

the resin during injection can be observed. A unidirectional reinforcement (Brochier Lyvertex 

21130) was chosen in most injections with the fibres aligned with the flow direction and with a 

fibre volume fraction of about 59%. This reinforcement has about 5% of the fibres 

perpendicular to the rest of the fibres. The alignment and the distribution of the fibres are quite 

regular and gives a well defined experimental geometry. For reference, an injection with the 

fibres aligned in the directions [0, (902, 02)2, 90] to the flow front and an injection with a 

continuous strand mat (Vetrotex UNIFILO U-812) were performed. The  vinylester  resin 

(BASF Palatal A430) was injected at one end of the mould cavity and the air was vented on the 

opposite side of the reinforcement. The resin was injected to the end of the reinforcement with 

one exception (see below). This mode of injection eliminates the effect of capillary pressure in 

the reinforcement that may drive the flow after the inlet is shut. A small region at the injection 

end of the mould cavity was free of reinforcement to provide a uniform flow in the spanwise 

direction. The pressure was measured in the fibre free region with a flush mounted pressure 

transducer (Dynisco  IDA-370). The void content was determined from polished cross-sections 

of the laminate with an image analysis system coupled to an optical microscope. A typical 

micrograph, with high void content, from one of the experiments is shown in Figure 2. The 

image analysis system includes a microscope (Olympus  BH-2), a CCD camera (VC 2512 

SANYO) mounted on the microscope, a "frame grabber" card in the computer (Quick Capture 

DT 2255) and a computer (Macintosh Quadra 700) with the image analysis program IMAGE 

[20]. 

The cross sections with area 3  x  30 mm2  were taken from a 30 mm wide test strip along the 

laminate centre line. The sectioning of the test strip was done with a spacing of 25 mm. The test 

specimens that measured 3  x  30  x  25 mm3  were placed in a small beaker with  vinylester  resin 

that was allowed to cure. The resulting cylinder made it easy to polish the cross section to a flat 

surface with a standard metallographic polishing machine. The polishing was done in several 

steps with gradually finer paper (320, 600, 800 and 1200 grains/inch) followed by polishing 
with diamond paste (grain size  ihm).  The resulting cross section had very few flaws from 

splitting of fibres although it was not possible to eliminate this type of polishing damage 

entirely. 

A few cross sections were taken with their surfaces parallel to the flat surface of the 

laminate. In this case polishing was more difficult than when the fibres had their axis normal to 

the surface and the contrast between voids and resin/fibres was low. However, in the "flat" 
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cross sections only the shape of the voids was of interest and the quality of the micrographs 

was sufficient for this purpose. 

The image analysis method is the most accurate method for determination of true void 

content [21] but it depends on the resolution of the imaging system. The magnification of the 

microscope and image capturing system was set so that a single filament was covered with 

approximately 9 pixels. The choice of this resolution was a compromise between the demand 

for high resolution to detect voids of all sizes and the demand for coverage of a large area to 

minimise the number of micrographs necessary to cover the whole cross section. Hence, voids 

with much smaller area than the fibres were impossible to detect. However, a separate 

investigation with higher magnification  (SEM)  showed that very few voids smaller than the 

fibres existed and that the contribution to the total void content from them was negligible. 

A standard assumption in determining void content with image analysis is that the voids are 

randomly distributed in the composite. This assumption makes it possible to compute the area 

fraction of voids and to use this as a statistical value of the volume fraction of voids [22]. One 

drawback with image analysis is that only small areas can be investigated which may lead to a 

scatter in the results due to the stochastic nature of the void distribution. The accuracy of the 

program was tested by analysing a drawing resembling a real cross section and for which the 

void content is known. 

In most of the experiments the resin was not degassed prior to the injections. However, a 

comparison between an experiment in which the resin was degassed with vacuum for about one 

hour and a reference injection with non degassed resin showed no significant difference in void 

content. 

Characterization of the void distribution 

The void profiles along a line perpendicular to the flow front has been determined for all 

experimental laminates. A representative example of the void profiles from a series of vacuum 

assisted experiments is shown in Figure 3. All the measured profiles have two characteristic 

features, first that the void content is almost constant in a region close to the end of the laminate 

and secondly that the void content drops to a negligible level further away from the end of the 

laminate. 

Micrographs from the experimental series with vacuum assistance of the cross-sections with 

surface normal in different directions show that the bubbles are of two basic types. The first 

type is shaped like a slender cylinder and is found inside the fibre bundles. The second type is 

larger and is almost spherical in shape. The latter type is found in the interstices between the 

fibre bundles. A typical micrograph is shown in Figure 2 where both types of bubbles are 

present. The two types of bubbles will be denoted cylindrical and spherical. They are seen more 
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clearly in a cross-section with its surface oriented parallel to the flat surface of the laminate 

(Figure 4). 

The cylindrical bubbles contributes about 40% to the total void content at the flow front. 

However, this contribution increases with increasing distance from the reinforcement end 

(Figure 5). This can also be seen in two micrographs, near the end of the reinforcement (Figure 

2) and closer to the injection side of the laminate but still in the bubbly region (Figure 6). The 

cylindrical bubbles are the smaller ones in the micrographs. 

Another interesting feature of the larger bubbles was that they were primarily found on lines 

perpendicular to the flow direction. A closer inspection of the laminates shows that the lines are 

located close to the stitching which holds the fibres together (see Figure 4). Hence, the 

alignment of the larger bubbles are probably an effect of the periodic constrictions that are 

caused by the stitching of the reinforcement. 

The amount of data in the profiles is cumbersome to handle. Hence, the void fraction 

profiles have been fitted with a simple  bi-linear profile (equation 1) to reduce the amount of data 

and to facilitate comparisons:  

Vy = 

Va  v 

x2—x 

for  x  < xj  

for xi  <x  < X2 

for  x  > X2 

(1) V av x2—x1 

0 

A sketch of the function is shown in Figure 7. This function is characterised by three 
parameters, the average void content in the bubbly region Vav, the average length of the bubbly 

region xav  and the total void content per unit area in the bubbly region Vtot. The total void 

content per unit area is the integral of the profile which for this simple function is the product of 

the average void content and the average length of the bubbly region. The average length, xav, 

is defined as the arithmetic mean of xi and x2. The results in Figure 3 are plotted together with 

the fitted curves in Figure 8 as an example of the fit that can be obtained with this type of 

profile. 

Vacuum assisted injections 

In the first experimental series the void content for injections with different outlet pressures 

i.e. different levels of vacuum assistance is compared. The pressure difference between inlet 

and outlet was kept constant at 0.5 MPa to eliminate any influence on the void content from 

different pressure gradients or, equivalently, different injection speeds. The length of the 

reinforcement was 0.55 m and the temperature of the resin and the mould was 35°C. At this 

temperature the viscosity was measured with a  Bohlin  Visco 88 viscosimeter to 190 mPas. The 

-5- 



gel time of the resin was so long that the viscosity was practically constant for aboat 20 minutes 

at 35°C. The mould fill time was in all cases much shorter than this. The positive influence from 

vacuum on the void content can be seen in Figure 3 where profiles of the void content along the 

centreline of the laminate are shown for four different back pressures [0.1 (atmospheric 

pressure), 0.05, 0.03 and approximately 0.001 MPa] at the flow front. The influence of 

increasing vacuum assistance is that the length of the bubbly region becomes smaller and that 

the magnitude of the void content is reduced considerably with increasing vacuum level. For the 

highest vacuum level (= 0.001 MPa) the void content is practically negligible ; see Figure 9. 

Effect of cure pressure 

The void content is reduced considerably by an increased pressure during cure (i.e. after 

complete impregnation) in processes such as the autoclave process [1, 13, 23].  To test if the 

same is true for the RTM process a pressure of 0.2 MPa (twice the atmospheric pressure) was 

applied during cure after one of the injections. The resulting void content in the laminate was 

reduced with about 60% compared to a laminate cured at atmospheric pressure (Table 1). 

Moreover, the length of the bubbly region is about the same as in the injection with cure at 

atmospheric pressure. 

Evolution of void profile during mould filling 

A separate experimental series was performed to investigate the change in void content 

during the mould filling. In these experiments the reinforcement was cut in different lengths 

(0.2,0.4 and 0.55 m). The pressure difference over the reinforcement during mould filling and 

the temperature was the same in all three experiments. The results can be thought of as three 

snap-shots of the void content during mould filling. Two important conclusions can be drawn 

from the measurements that are presented in Table 2. The first is that the bubbles move with the 

resin since the rear of the void region has moved forward in each consecutive measurement. 

The second conclusion is that bubbles are continuously created during mould filling since the 

total void content increases with increasing flow length. 

Void transport with completely saturated reinforcement 

One possible way to reduce the void content in the laminate is to continue the filling after the 

reinforcement has been completely wet by resin. The idea is that the voids are going to be 

advected out of the laminate by the resin. In addition, the time for dissolving any binder or 

excessive surface treatment on the fibres will increase. 
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The reinforcement was cut to 0.4 m but the resin was injected to the end of the cavity at 0.55 

m. This corresponds to a flow length inside the reinforcement of about 0.3 m after filling to the 

end of the reinforcement since the fibre volume fraction is about 0.5. Visual observations 

showed that some of the voids followed the resin out of the reinforcement. The final length of 

the bubbly region was found to decrease (Table 3) about 50%. 

The flow length of a resin particle inside the reinforcement is about 5 times longer than for a 

bubble at the rear of the bubbly region which shows that the bubble speed at the rear is about 

1/5 of the resin speed. 

Influence of processing temperature 

The void content was measured with four different processing temperatures (18*C, 35"C, 

42'C and 50"C) which for the experimental  vinylester  correspond to a variation of viscosity 

between 65 mPas and 770 mPas. The pressure difference was constant in all four injections 
(AP = 0.5 MPa) and the injected length was 0.4 m. The resulting void content is shown in 

Table 4 and is seen, on the average, to be higher for higher temperatures. The length of the 

bubbly region, on the other hand, is almost independent of the processing temperature. Hence, 

the increased temperature appears to increase the efficiency of the void formation process. 

The results with different processing temperatures have to be interpreted with caution since 

the decrease in viscosity with increasing temperature leads to an increased volumetric flow rate 

(if the injection pressure is constant). This may influence the void formation process at the flow 

front, [12]. Hence, the effect of temperature,/viscosity was further investigated by comparing 

two laminates with the same volumetric flow rate and with an injection length of 0.2 m. In one 
injection the resin/mould temperature was 35°C (µ = 190 mPas) and the pressure difference 

0.50 MPa and in the other injection the resin/mould temperature was 50"C =65 mPas) and 

the pressure difference 0.17 MPa. According to Darcy's law this should give the same flow rate 

and the same time for wetting of the fibres during mould filling. It is found that the length of the 

void region is shortened by an increased viscosity if the flow rate is kept constant (see Table 5). 

To complete this investigation an injection with the lower injection pressure (0.17 MPa) and 

the lower temperature ( 35°C, 190 mPas) was carried out (see Table 5). Once again it is shown 

that lower temperature (higher viscosity) of the resin results in a reduction of the total void 

content. Compared with the higher pressure injection the total void content is approximately the 

same. The voids in the higher pressure injection are, however, more concentrated to the end of 

the reinforcement. 

-7- 



Surface tension effects 

It is likely that the temperature variation will result also in a change of the surface tension of 

the liquid and the wetting angle between resin fibre and gas. To investigate this problem a 

simple experiment with capillary glass tubes with 0.4 and 0.6 mm diameter was devised. In this 

experiment the capillary tube was positioned vertically in a beaker with a thin layer of resin at its 

bottom. The set-up was left for several hours to obtain stationary conditions and the rise of the 

resin in the capillary tube was measured. The very small difference in capillary rise when the 

temperature was changed from room temperature to 50°C indicates that the influence from 

temperature is very small on the surface tension of the liquid. The height to which the resin 

rises depends on both the wetting angle and the surface tension of the liquid. However, the aim 

of this experiment was to see if the influence from temperature was large on these two 

parameters and it is very unlikely that both of them should change significantly in such a way 

that the capillary rise should be unaffected. 

Importance of surface treatment of fibres 

The void formation process is likely to be influenced by the conditions at the interface 

between fibres, resin and gas at the flow front. Of particular importance is the surface tension 

between the different phases and the resulting wetting angle. One way to change the conditions 

at the interface, without influence on the other process parameters, is to change the surface 

energy of the fibres by removing the surface treatment. This was done by heating the 

reinforcement in an oven to 565  °C  for several hours. The void content then decreased 

significantly compared to the original reinforcement (see Table 6). Apparently the presence of 

surface treatment in the fibre bundles results in more entrapment of air during mould filling. 

One important change by the oven treatment was that the fibre bundles became much softer and 

easier to spread out. This could possibly result in a more even fibre distribution in the mould 

that would make it easier for the resin to penetrate the fibre bundles. Another effect of the oven 

treatment is that the wetting angle between fibres and resin is changed, possibly resulting in 

better wetting. 

Effect of pore space geometry 

The unidirectional reinforcement was stacked with some of the layers oriented perpendicular 

to the flow in the sequence [0, (902,02)2, 90]. In this case, both the average void content and 

the average length increases compared to the reference injection with all the layers parallel with 

the flow (see Table 7). The increased void content must in this case be a result of the more 
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complex flow path during mould filling. Additional results with a different type of 

reinforcement, a continuous strand mat (Vetrotex UNIFILO U-812), at a much lower fibre 

volume fraction is shown in Figure 10 where also the results of the unidirectional reinforcement 

are plotted for comparison. The void content of the continuous strand mat is significantly lower 

than for the unidirectional fabric but the length of the bubbly region is approximately the same. 
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DISCUSSION 

The influence on void formation in RTM from different process parameters has been 

investigated experimentally for a flat mould with unidirectional flow. This simple flow is 

representative for more complex geometries since the void formation takes place on a scale 

much smaller than the scale of the mould. A large number of process parameter variations have 

been undertaken and the qualitative influence from these variations have been summarised in 

Table 8 to make it easier to see the trends. 
The voids in the laminates were found to be of two types: large spherical bubbles located in 

the interstices between the fibre bundles, and cylindrical bubbles in the space between 

individual filaments inside the fibre bundles. The spherical bubbles were found to line up in 

parallel with the stitching that holds the fibre bundles together probably arrested by the 

constriction that is formed by the stitching. Thus, the spherical bubbles can pass through the 

constriction only after being compressed sufficiently by the increasing pressure. With vacuum 

assistance, the initial pressure in a bubble is lower and consequently the relative volume change 

by a given absolute pressure change will be larger. Hence, a bubble with a given initial size will 

move at an earlier time with vacuum assistance. 

The motion of cylindrical bubbles is confined to a region resembling a capillary tube. The 

motion inside this tube is governed by a balance between the traction force from the pressure 

gradient in the resin and the resistance inside the capillary tube. This flow situation has been 

studied extensively due to its importance in chemical engineering [24, 25]. However, the 

capillary tube in the unidirectional reinforcement has slots along its side so the theory is not 

directly applicable. 

Probably the most important conclusion is that the void content is strongly reduced by an 

applied vacuum and can be almost completely eliminated. A similar effect is obtained with an 

increased pressure during cure. These results suggest that the reduced void content is partly an 

effect of compression of voids in the laminate by the pressure increase after complete mould 

filling. The reduced void content with vacuum assistance was also observed by Hayward & 

Harris ([4],[10]). They also noted a tendency for the void content to be higher at the ventilation 

side, but this effect is more pronounced in our experiments due to the fact that our laminates 

were longer than those of Hayward & Harris. 

The investigation of the influence from different lay-ups and different micro-geometry 

indicates that a more complex flow path will give a higher void content. This could be a result 

of an increased number of 'bubble traps'. 

A theoretical model for the void formation process would have to explain why voids are 

formed at the flow front. Moreover, it would have to describe the balance between pressure 

forces and hydrodynamic friction on the bubble that governs its motion. Subsequently, it would 

have to predict the compression of the voids after complete mould filling by the cure pressure 

and by resin shrinkage. The results with different processing temperatures but with the same 

-10- 



(time dependent flow) flow rate may provide some guidelines for flow modelling. The 

experiments showed that the void region became shorter for a higher viscosity. This means that 

the increased pressure force on the bubbles for the higher viscosity is only partially 

compensated by an increased resistance. 

-11- 
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Table 1. Influence of cure pressure on void content. 

Cure pressure, (MPa) 

Characteristics 0.1 0.2 

Average void content 7.4 2.7 
(%) 

Average length 
(ra)  

0.16 0.16  

Total void content 1.18 0.43 

(%m) 

Table 2. Evolution of void content with increasing injection length. 

Injection length, (m) 

Characteristics 0.20 0.40 0.55 

Average void content 6.5 5.2 7.4 
(%) 

Average length 
(m) 

0.06 0.13 0.16 

Total void content 0.39 0.68 1.2 

(%m) 



Table 3. Void transport in a saturated reinforcement. 

Characteristics 

Type 

Stopped after complete 

filling 
Flushed after complete 

filling 

Average void content 5.2 7.5 
(%) 

Average length 
(m) 

0.13 0.06 

Total void content 0.68 0.45 

(%m) 

Table 4. Effect of processing temperature on void content. 

Temperature, CC) 

Characteristics 18 35 41 50 

Viscosity 
(mPas) 

770 190 120 65 

Average void 

content 
(%) 

5.9 5.2 6.9 7.8 

Average length 0.13 0.13 0.13 0.14 
(111) 

Total void content 0.77 0.68 0.90 1.1 
(%m) 



Table 5. Influence on void content with different injection pressure but equal 
injection time. The third column shows the result with the lower pressure and a 

longer injection time. 

Pressure difference, (MPa) 

Viscosity, (mPas) 

Characteristics 

0.5 

190 

0.17 

65 

0.17 

190 

Average void content 6.5 6.3 3.8 
(%) 

Average length 
(m) 

0.06 0.14 0.11 

Total void content 0.39 0.88 0.42 
(%m) 

Table 6. Influence on void content from surface treatment. 

Type 

Characteristics with sizing without sizing 

Average void content 7.4 2.6 
(%) 

Average length 0.16 0.07 
(m) 

Total void content 1.2 0.18 
(%m) 



Table 7. Effect of different lay-ups of the reinforcement on the void content. 

Type 

Characteristics (0)10 [0, (902, 02)2, 90] 
Average void content 5.2 10.6 

(%) 
Average length 0.13 0.15 

(111) 
Total void content 0.68 1.59 

(%m) 

Table 8. Summary of influences from processing parameters 

Parameter Type of Average void Average Total void 
change content length content 

Cure pressure 2.  N.  no change  N.  

Vacuum level 2.  N. N. N.  

Injection length  ri  no change r 2. 

Temperature 2.  ri  no change 2. 

Injection pressure 2. 2.  N.  no change 

Flushing time  

Sizing Removal  

Lay-up more 90° 2. no change r 
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Figure 1. Definition sketch of the experimental mould and the distance,  x,  from the 

end of the reinforcement. 

Figure 2. Example of a typical cross-section from close to the end of the laminate. The 

injection was done without vacuum assistance. The voids can be identified as the black 

areas in the figure. The void content in this particular figure is approximately 10.3%. 



• 0.1 MPa 

A 0.05 MPa 

■ 0.03 MPa 

0 0.001 MPa 

Figure 3. Experimental void volume fraction profiles along the laminate centreline for 

a unidirectional fabric (Brochier Lyvertex 21130) at a fibre volume fraction of 59%. The 

pressure difference between inlet and outlet was 0.5 MPa and the outlet pressure was 

held at 0.1 MPa, 0.05 MPa, 0.03 MPa and -- 0.001 MPa. 

Figure 4. The two types of bubbles viewed from at a cross-section with its surface 

oriented as the flat surface of the laminate. 
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Figure 5. Relative contribution from cylindrical bubbles to the total void content for 

the case without vacuum assistance in Figure 4. 

Figure 6. Cross-section taken at a distance from the end of the reinforcement but still 

in the bubbly region from the same laminate as in Figure 2. In this case most of the 

bubbles are localised inside the fibre bundles. The void content is approximately 2.0%. 
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Figure 7. Definition sketch for the average void content  Va,  and the average length xa  
[= (xi-i-x2)/2] of the void region. 

0.1 0.2 0.3 

Figure 8. Void profiles for 3 different levels of vacuum assistance. The experimental 

points are from Figure 3 and the solid lines are best fits of the profile in Figure 7. 



Figure 9. Cross-section with almost no voids obtained by vacuum assisted injection 

(outlet pressure 0.01 MPa). The high magnification and resolution was obtained from 
the Scaning Electron Microscope. 

x [m]  

Figure 10. Experimental void volume fraction profiles for a unidirectional fabric 
Brochier Lyvertex 21130 (II) and a continuous mat Vetrotex UNIFILO U-812 (0). The 

fibre volume fraction was 59% for the unidirectional fabric and 36% for the continuous 

mat. The pressure difference between inlet and outlet was 0.5 MPa and the outlet 

pressure was held at 0.1 MPa (atmospheric) in both experiments. 
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An Evaluation of Alternative Injection Strategies in RTM 

ABSTRACT 

Resin transfer moulding (RTM) is evolving towards high performance 
applications with high fibre volume fractions and towards class-A applica-
tions. The mould fill time .may in both these applications be excessively 
long and prevent efficient manufacturing with short cycle times. 

The present report describes advantages and disadvantages with different 
types of injection strategies. The types of strategy that are discussed are 
point injection, edge injection, peripheral injection and combined injection 
and compression moulding. In point injection the resin is injected at a cen-
tral location and air is vented at the edge of the part or through the sealing. 
Edge injection consists of injection of resin into a distribution channel on 
one side of the part towards the other side where air is vented. In peripheral 
injection the resin is injected into a distribution channel around the entire 
periphery of the part and the air is vented at the centre of the part. In 
applications when the fill time is unacceptable with any of the above alter-
natives, the fill time can be significantly !educed if the injection at a low 
fibre volume fraction is combined with compression of the mould halves. 
The placement of the injection inlet has a large influence on the fill time 
which with peripheral injection can be orders of magnitude faster than with 
point injection. 

The difference between the different alternatives can be analyzed theoret-
ically in a few special cases and results are presented for flat moulds with 
circular and quadratic surfaces. A theory for the combined RTM and com-
pression moulding process is also developed and it shows that considerable 
time savings can be made with the modified process. Theoretical results for 
edge injection show excellent agreement with experimental results from a 
quadratic experimental mould. For point and peripheral injection the theo-
retical results agree qualitatively well with experiments but the injection 
time is consistently faster than the measured. 

INTRODUCTION 

RTM (Resin Transfer Moulding) is an old production process 
for reinforced plastics that is receiving more and more interest 

both as an efficient method for medium and high performance 
composites. 

Already 30 years ago 1300-litre boxes for submarine batteries 
were manufactured, by a company in the south of Sweden, with 
special fabrics and a fibre content up to 55% by weight. At that 
time the method was called Resin Injection. The name Resin Injec-
tion is often associated with a messy and relatively slow process for 
panels where the surface finish is more important than the load-
bearing capability. In later years, not only has the name changed to 
RTM, the process has also become cleaner and more efficient. 
High reinforcement content, up to 60% by volume, the possibility 
to tailor strength and stiffness in different directions and the possi- 

•Swedish Institute of Composites, Box 271, S-941 26  Piteå,  Sweden.  

bility to make complicated shapes with metal inserts and integra-
tion of core material, gives an interesting design flexibility. Suc-
cessful light weight automotive applications such as the panels for 
Renault Espace have shown that it is possible to achieve good sur-
face finish and high production rates simultaneously. 

For "cosmetic" panels with low glass content, the injection has 
traditionally been made at the lowest point of the mould close to 
the centre of the detail. This strategy is usually referred to as point 
injection. In some applications where a good surface is required in 
the centre, the injection port has been moved to one side of the 
mould as a distribution channel and the air is vented at the opposite 
side, so called edge injection. 

The choice of injection strategy becomes more important for 
high strength applications where the fibre loading is high, making 
differences in injection times of larger importance. There is always 
a possibility of reducing the injection time by increasing the 
pressure but that means also in most applications that a more ex-
pensive mould is needed and that the risk of fibre washing in-
creases. 

Ten years ago Gehrig [1] had already suggested that the injection 
should be made in a distribution channel around the detail, a strat-
egy we have chosen to call peripheral injection. Based on a very 
simple model and experimental results Gehrig found that the injec-
tion time can be reduced up to 10 times. Much research has been 
conducted since that report was published and computer programs 
for mould filling simulation are now available. These programs are 
generally based on Darcy's law which has been found to be a good 
model for the flow in RTM [2,3,4]. Since the computer programs 
are only available to, or at least used by, a few moulders, it would 
be valuable to have simple formulas for estimation of the injection 
time for some different simplified geometries. To further this end, 
we have assembled a number of easy-to-use formulas for point-, 
edge- and peripheral injection. 

Traditional point injection has many advantages, e.g., it is quite 
easy to predict the position of the injection port, particularly if the 
ventilation is made through compressed glass fibre on the periph-
eral sealing. It is also easy to trim the finished part when the prod-
uct is moulded all the way to the sealing. 

If the strategy is changed to peripheral injection, trimming of the 
injection channel must always be done and it will also be more 
difficult to predict the positions of the ventilation points. In a prac-
tical situation this is solved by introducing extra ventilation points 
which are easily filled if not needed. The necessity for extra ven-
tilation points will be eliminated when the mould filling programs 
for RTM become available to the RTM moulders. 

Even with peripheral injection the fill time will in some cases be 
unacceptable. This problem can be alleviated if the  KIM  process 
is combined with cold compression moulding so that the injection 
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of resin is done at low volume fraction followed by compression to 
the final fibre volume fraction. This combination of RTM and 
compression is an improvement on the traditional cold compres-
sion moulding since it is a fully closed process with the same flow 
pattern in each moulding. To investigate the capability of this pro-
cess we have developed a theory for the mould filling which is pre-
sented in the theory section. 

The theoretical solutions for the different injection strategies are 
compared to experiments in a quadratic mould (0.8 by 0.8 by 0.003 
m3). 

THEORY 

In this section we will derive results of general validity for 
mould filling and analytical solutions for five special cases of fill-
ing of circular and quadratic regions. These solutions can also be 
used to estimate the filling time for other geometries which can be 
approximated as rectangular or circular. 

General Results for Mould Filling 

The flow in RTM is well described by Darcy's law [2,3,4] which 
predicts a linear relation between the local flux density and the 
applied pressure gradient. One complication in the case of mould 
filling is that one of the boundaries (the flow front) is continuously 
changing. This class of problem is usually termed a 'degenerate 
free boundary problem" [5] and its solution consists of a simultane-
ous solution of the pressure field and the motion of the free bound-
ary. The governing equations are Darcy's law and the continuity 
equation [6]: 

K, ap  
=  

au, 
—ax, ° 

where u, is the local flux density (or superficial velocity),  K,  is the 
permeability tensor, µ is the viscosity of the resin and where  p  is 
the pressure in the resin. Equations (1) and (2) can be combined 
into an equation for the pressure within the fluid inside the mould: 

al 
— —) = 0 
ax; ax, ) 

The boundary conditions for the particular case with constant 
injection pressure and constant pressure at the flow front (vents 
open) are (refer to Figure 1 for an explanation of the different parts 
of the boundary): 

p=p  

p  = 0  

ap 
K — n =  0  

ax, 

where r, denotes the injection boundary, I', the flow front, F the 
walls of the mould and  n,  are the components of the surface normal 
vector of the mould boundary F. Notice, that there is no explicit 
time dependence in the pressure equation and its boundary condi-
tions. The time dependence in the problem enters through the mo-
tion of the free boundary which is mathematically described by: 

F,: .s.(x„t) = 0 (7) 
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where s is a function (to be determined) of position and time. 
Differentiation of Equation (7) and combination with Darcy's law 
yields the following equation for the mention of the free boundary:  

K„ ap  as as 

µ(1  -  V„)  ax, ax, 
-I-  -

at  = 
 0  

Equations (3) and (8) together with the boundary conditions 
(4-6) constitute a full description of the mould filling. 

The equations and boundary conditions can be made dimension-
less in the usual fashion by normalization with characteristic 
values of the variables. The characteristic value for the pressure is 
the injection pressure (4), the characteristic length can be taken 
as the largest dimension of the mould (L) while the characteristic 
time (T) is defined by: 

T
V(1 - V,)µ 

-  
ApK (9) 

where  Vf  is the fibre volume fraction and  K  is the largest of the 
components in the permeability tensor. The normalized variables 
are:  

x;  
x*= - (10) 

The resulting dimensionless equations and boundary conditions 
are:  

ap*  as as  
ax  ax7 

+  —
at*  = 

 0 on I', (11) 

in V (12) 

on r, (13) 

on I', (14) 

on F (15) 
ap* 
— n;  = 0  
a.r7 

The only parameters, apart from the geometrical shape in the 
dimensionless problem, are the components of the dimensionless 
permeability tensor  K.  Thus, two geometrically similar moulds 
are also dynamically similar if the anisotropy is the same in the 
two cases. With dynamic similarity we mean that the dimension-
less solution to the flow problem in two geometrically similar cases 
is the same for the two cases. If we have dynamic similarity, we 
will also have the same relative motion of the flow front or, in other 
words, the mould will fill in the same way in the two cases. A spe-
cial case in RTM is if the reinforcement is isotropic in which case 
all geometrically similar moulds are dynamically similar. Two 
important consequences of the dynamic similarity are that the 
dimensionless fill time is the same in the two cases and that the 
(physical) fill time in any given case must be proportional to the 
characteristic time given by Equation (9). 

The dynamic similarity in cases with geometrical similarity and 
equal anisotropy also opens up the possibility of model experi-
ments. It would, for instance, be possible to test alternative injec-
tion and ventilation points in small transparent hand lay-up tools 
before an expensive metal tool is manufactured. 

(1)  

(2)  

(3) 

on (4) 

on (5) 

on r (6) 

on F, (8) 



Case 1: Point Injection 

The mould filling equations above can be integrated in a few spe-
cial cases out of which only results for isotropic reinforcements are 
of interest in the present paper. The first case to be studied is point 
injection which in reality means that the resin is injected through 
the thickness at some central location in the mould while the air is 
vented at the circumference of the mould. The real problem in-
volves 3-dimensional flow close to the inlet hole and 2-dimensional 
flow in the rest of the mould. The size of the region with 3-D flow 
depends on the ratio of through-the-thickness permeability to the 
in-plane permeability but it will in general be localized close to the 
inlet hole. We will leave the 3-D problem out of the discussion here 
and study the filling of fluid at constant pressure through a circular 
hole with radius  ro  at the origin (Figure 2). The pressure in the 
mould (outside the resin) is kept constant at a level  ap  lower than 
at the inlet hole. The solution is valid until the flow front reaches 
the mould wall at radius L/2. The function s which defines the 
motion of the flow front is in this case [7]: 

s = l(r,$)2[2 In r,* — 1] + 11 — 4t* = 0 (16) 

where r'," is the nondimensional radial flow front position and the 
typical length is the radius of the inlet hole 1-0. Notice that the total 
fill time depends on the size of the region which is being filled. The 
larger the size of the region, the larger the nondimensional (and 
dimensional) fill time. 

Case 2: Peripheral Injection into a Circular Region 

The second case describes the motion of the flow front if the 
resin is injected into a circular region from the perimeter towards 
the origin (Figure 3). The pressure at the flow front is kept con-
stant at a level  Ap  lower than at the perimeter. We have not seen 
this solution published but the derivation is very similar to that in 
[7] for point injection and will not be repeated here. The motion 
of the free boundary is described by: 

1(,-7)12 In r7 — 11 + II — at. = 0 (17) 

where the typical length is the outer radius  R  of the circle. Notice 
that the nondimensional fill time as a function of the nondimen-
sional radial flow front position is the same as for point injection. 
However, in point injection r7 starts at 1 and increases while for 
peripheral injection it starts at I and decreases when the front 
moves. The nondimensional time  C  is plotted for different values 
of r7 in Figure 4 for both point and peripheral injection. The fill 
times to the right of the dashed line are for point injection and 
those on the left are for peripheral injection. Total filling of the cir-
cular region for peripheral injection is achieved when t7 = 1/4. 

Case 3: Peripheral Injection into a Quadratic Region 

The third case is an approximate solution for the injection of 
resin into a square region (Figure 5). To the best of our knowledge, 
there has been no published analytical solution for this case before. 
The problem is symmetric about the diagonals of the square and 
observations from experiments with "short shots" indicates that it is 
a good approximation to assume that the flow front stays parallel to 
the sides at all times (see Figure 5). Hence, the solution will be the 
same as for the filling of a triangular region front one of the sides 
towards the opposite corner (Figure 5). The approximation that we 
are making is that we treat the flow as if the area was slowly chang-
ing and the flow essentially a parallel flow. The flow front position 
xf  is measured from the mid-side of one of the sides and towards 
the centre of the square. Combination of the continuity equation  

and Darcy's law in the same way as in [2] leads to the following 
equation for the flow front motion: 

a (1  —  ---2x')  —d  x„(1  —  V,) In  (  1  — 2xf  — —  2K
8 

a  dt a)  

where where a is the side of the square (see Figure 5). The (nondimen-
sional) solution to Equation (16) is: 

— x7)'[2 Ind — x7) — I] + I — 4t5  = 0 (19) 

where the typical length is a/2. The nondimensional fill time is the 
same as for case 2, i.e., t7 = 1/4. The physical fill time will be the 
same for the two cases if the diameter of the circle in case 2 is 
equal to the side of the square in case 3. 

Case 4: Edge Injection 

The fourth case is unidirectional injection from one side of the 
mould to the other (Figure 6). The solution to this problem is [2]: 

(x7)1  — 2t* = 0 (20) 

where the typical length is the side of the square a. The nondimen-
sional time to fill the whole mould is 1/2. Notice, that the solution 
is independent of the width of the mould, thus, the fill time would 
be the same for a ten times wider mould. 

Examples of Use 

As an example of the use of the formulas above, consider the 
peripheral injection of resin into a quadratic laminate with side 
0.8m. The injection pressure is 2. lOs Pa, the viscosity of the resin 
is 0.2 Pas, the fibre volume fraction is 0.6 and the permeability is 
2. 10"m2. The fill times for peripheral injection (case 3), edge in-
jection (case 4) and point injection (case 1) are computed in Table 
1. For the point injection case the time until the flow front first 
reaches the mould edge at the middle of the sides is computed. It 
is also assumed that a hole with 4mm radius is cut in the reinforce-
ment directly below the inlet. Thus, we will under-estimate the fill 
time since we are neglecting both the flow resistance close to the 
inlet and the time necessary to fill the mould out into the corners. 

Case 5: Combination of Injection and Compression 

The fill time in high performance applications or when resin 
systems for class A surfaces are used can in some cases be prohibi-
tively long (cf. Table 1). One way around this problem is to com-
bine the usual RTM step with cold compression moulding which 
traditionally consists of the filling of pre-catalyzed resin in an open 
mould with dry reinforcement which is subsequently closed and 
compressed to the final part thickness: In the combined RTM and 
compression moulding technique a mould carrier which can par-
tially close the mould is needed so that an intermediate compres-
sion of the reinforcement can take place. This can easily be im-
plemented in existing mould carriers by using spacers which are 
placed between the mould halves during resin injection. A prede-
termined amount of resin which will completely fill the mould 
after compression is injected into the mould. The next step is to 
take away the spacers (if such are used) and to compress the rein-
forcement to the final thickness. One advantage with this technique 
is that the main part of the impregnation takes place at a low fibre 
volume fraction (and high permeability) and that the resin flow 
during the final compaction to high fibre volume fraction is 
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limited. We have developed a theory for this combined process 
based on Darcy's law and assuming that the permeability is 
described by the Kozeny-Carman equation. It is however straight-
forward to implement other permeability models such as that pro-
posed by  Gebart  (1992) also. 

The analysis is performed for a I-dimensional case but it can 
easily be extended to two dimensions. Consider a laminate with the 
initial thickness ho  and initial fibre volume fraction  Vf.  (Figure 7). 
The laminate is initially injected at a thickness h0  with a predeter-
mined amount of resin so that it will be completely saturated with 
resin when the thickness reaches  h,  and the fibre volume fraction  
Vf ..  The relation between fibre volume fraction and thickness is 
given by: 

The total force on the mould comes partly from the resin but also 
from the fibre bed [8] which behaves as a non-linear spring. To 
continue we assume:  

Pf  = Pf (Vf ) (30)  

Equilibrium between the forces acting on the mould and substi-
tution of the expression for the flow length in Equation (23), gives: 

F = + 

     

3 1C(V f ) V f V,0 I  — Vf  

     

(3I) 

ho  
Vf  = Vf . — 

h 

where F is the force on the mould from the mould carrier. The 
(21) permeability can, for the sake of illustration, be modeled accord- 

ing to the Kozeny-Carman equation: 

The constant volume of resin during compression can be ex-
pressed as: 

holal — V,o) = h1(l — V,) (22) 

Combination of Equations (21) and (22) yields the following ex-
pression for the flow distance /: 

- 
( 1 — V,0 \ V, 

(23) 

The equation of continuity for this particular case becomes: 

+  h  = 0 (24) 

where  i  is the volumetric flow rate in the  x-direction,  h  is the clos-
ing speed of the mould and where ' denotes the  x-derivative. Ap-
plication of Darcy's law yields: 

= — IL 
K(V,) 

(25) 

which can be combined with the continuity Equation (24) to give: 

K(V,) h 
P =  (26) 

It is here implicity assumed that  Vf  is independent of  x.  The 
thickness  h  is also assumed to be a function only of time and inde-
pendent of  x.  The solution to Equation (26), assuming zero 
pressure at  x  = land zero velocity at  x  = 0, is: 

1 g 

P = K 11) 

The force on the mould from the resin is obtained from: 

1 
1 gt i 

F = b pdx = --3 b —K —h 1° 

where  b  is the width of the laminate. The force can also be ex-
pressed in terms of fibre volume fraction if we substitute the ex-
pression from Equation (21): 

1 
F = — b K  — — 

3 Vf  
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but it is also possible to assume other forms of the permeability 
model, e.g., the model described in  Gebart  [2]. Knowing the elas-
tic properties of the fibre bed we could now integrate Equation (31) 

numerically but we will not do this here. Instead we study a special 
case with constant pressing force F when the elasticity of the fibre 
bed is negligible compared to the flow reaction (high closing 
speed). For this case Equation (31) simplifies to a separable 
differential equation: 

VMV, 3FR2 1  V,,  
dt (33)  

(I —  V,)6  bg4k11 I —  V,,  

which has the solution: 

[I I I 1 1 1 

(34)  

3FR' V,,  )' 

- bg4k11 ( 1 — 

from which we can compute the time it will take to reach a particu-
lar fibre volume fraction. 

It is of interest to compare the resulting fill time from Equation 
(34) to that obtained with ordinary edge injection in Table I. The 
dimensions and processing parameters are the same as in the ex-
ample in Table I. To those parameters we must add the pressing 
force which we can take as 800 kN (80 ton mould carrier) and the 
width  b  and length /, in Equation (28) which are both 0.8 m. The 
Kozeny constant and the effective fibre radius which will give a 
permeability of 2. Kr" m' at  Vf  = 0.6 can be computed if we 
assume a Kozeny constant of 8, typical for fibrous materials. The 
resulting effective fibre radius is 60µm. The permeability at  
Vf  = 0.3 predicted by the Kozeny-Carman equation would then be 
4.3.10'0  in'. The injection step, if made with edge injection also 
in this case, would take 298 s [Equation (20)1 which is more than 
20 times faster than if the injection would have been done at 
V, = 0.6. The pressing step from  Vf  = 0.3 to V, = 0.6 would then 

take [Equation (34)1 136 s. The total fill time would thus be 434 s 
which can be compared to the result for edge injection in Table 1 
which is 6400 s. 

EXPERIMENTS 

The experimental investigation was made in a square mould 
0.8  x  0.8 m0  with a thickness of 4 mm. The mould was held by a 

(27)  

(28)  

(29)  



mould carrier with 80 tons closing force. The experimental resin 
was a vinyl ester (BASF Palatal A-430) with well known properties 
[2] and the reinforcement was 10 layers of unidirectional fabric 
(Brochier Lyvertex 21130) in a 0-90° lay-up resulting in a fibre 
volume fraction in the mould of 59%. All injections were made 
with constant pressure at the injection port (pressure measured 
inside the mould) with a computer-controlled RTM machine from 
Aplicator, Sweden. 

The experimental mouldings were made with two different 
strategies, peripheral injection and point injection. The experi-
mental results for the third strategy, edge injection (unidirectional 
flow from one side to the opposite) were taken from experiments in 
a narrower mould (0.2  x  0.8 m2) but with the same fibre loading, 
thickness and lay-up [3]. The experimental result for injected 
volume versus time is shown in Figure 8 where it is seen that the 
peripheral injection strategy gives the highest flow rate as ex-
pected, and that edge injection gives the second highest flow rate. 
The experimental results for point injection are much lower than 
for the other two strategies. 

The agreement with theory is excellent for the edge injection 
strategy and these data were used to determine the permeability of 
the reinforcement to 2.1- KY" m2  [3]. The qualitative agreement 
with theory for the other two strategies is quite good but the exper-
imental flow rate is significantly lower than predicted. The reason 
for this discrepancy is not clear and we may only speculate about 
it at this time. 

The point injection experiment was repeated with different hole 
sizes at the origin and the result showed a smaller dependence on 
the hole size than predicted by theory. A possible explanation for 
this discrepancy and the low flow rate is that filaments and fibre 
bundles are disturbed by the hole cutting and that they "clog" the 
reinforcement along the hole surface. 

DISCUSSION 

The theoretical and experimental results above make it clear that 
the mould fill time is strongly influenced by the injection strategy. 
The fastest filling is achieved with peripheral injection which is 
about three times as fast as edge injection and about ten times as 
fast as point injection in our experimental mould. The figures will 
be different for other geometries but the general trend will be the 
same. The theoretical result for the combined RTM and compres-
sion moulding process indicates that this method is even faster than 
peripheral injection. 

The qualitative agreement with theory is quite good for the dif-
ferent injection strategies but the quantitative results are far from 
good except for edge injection. It appears as if the permeability 
with point injection and peripheral injection is lower than that in 
edge injection. Adjustment of the permeability in the different 
cases would give a very good fit to each individual result. How-
ever, Darcy's law is based on the assumption that the porous 
medium has a permeability that is only a function of the pore 
geometry independent of flow conditions so by adjusting the 
permeability we would be violating Darcy's law. Even if we assume 
that the permeability is influenced by the flow conditions it is 
difficult to understand why the change takes place but it may possi- 
bly be a result of changes in micro geometry caused by hydro-
dynamic forces. Alternatively, any visco elastic effects in the resin 
may be more pronounced in the more tortuous flow with bi-direc- 
tional flow resulting in an increased flow resistance. The assump-
tion in Darcy's law of a Newtonian fluid would then be violated. 

The poor quantitative agreement with theory in the uncom-
plicated geometry with well controlled conditions in our experi- 
ments is discouraging since it indicates that the results from large-
scale mould filling simulations may show similar poor agreement 
with reality. However, more experiments and theoretical solutions 
will show whether this is a problem or not. 
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FIGURE 1. Definition sketch for the boundaries in mould filling. r, is 
the boundary where the resin is injected, r, is the moving flow front 
and r is the mould boundary. V indicates the resin filled region. 

FIGURE 2. Definition sketch for point injection in an isotropic 
medium. 
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FIGURE 3. Definition sketch for peripheral injection into an isotropic 
circular region. 
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FIGURE 4. Nondimensional fill time as a function of nondimensional radial flow 
front position for point injection and peripheral injection into a circular region. 
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FIGURE 5. Definition sketch for peripheral injection into a quadratic region. 
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FIGURE 6. Definition sketch for edge injection. 
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FIGURE 7. Definition sketch for combined resin transfer moulding 
and compression moulding. 
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FIGURE 8. Experimental results from injection of a 0.7  x  0.7  x  0.003 m3  laminate with different injection 
strategies  j  • = point, • = peripheral and 0 = edge injection). The solid line is the theoretical solution 
for point injection, the dashed line for edge injection and the dash-dotted line for peripheral injection. The 
dash-double-dotted line is a reference solution for peripheral injection into a circular region with the same 
total volume as the experimental mould  (R  = 0.395 m). 
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ABSTRACT 

The present paper tries to address the questions of permeability and non-uniform flow at the 
flow front in RTM. First, Darcy's law as a model for the flow in RTM is critically scrutinized 
in two different experiments, point injection and unidirectional flow, both of which agree 
excellently with theory. The experimental results for two different unidirectional fabrics are 
found to be well described by a theory for the permeability in this type of media. The non-
uniform flow at the flow front is analysed with an approximate theory which agrees 
qualitatively well with experiments. The effective in-plane permeability of a stack of different 
fabrics is derived from Darcy's law and found to agree reasonably well with experiments. A 
direct comparison of the permeability of different reinforcements shows that the tnicrogeometry 
is an important factor for the permeability. 

KEYWORDS: Fiber, Flow analysis, Flow front, Micromechanics, Permeability, Resin transfer 
molding 

1. INTRODUCTION 

The permeability of fibrous reinforcements is of paramount importance in most composites 
manufacturing techniques, e.g. in resin transfer molding (RTM) which will be discussed in the 
present paper. Permeability is defined by Darcy's law [1] which predicts a linear relationship 
between the pressure gradient and the flow velocity. There still seems to be some disagreement 
in the literature about the validity of Darcy's law with evidence both against [2,3] and in favour 
of it [4,5,6,7,8]. It is clear from the results in Section 2 that, at least under some 
circumstances, Darcy's law gives a very good description of the flow in RTM. 
In RTM the in-plane permeability is particularly interesting although also the cross-plane 
permeability may be important in some cases e.g. with point-injection through the thickness of 
the reinforcement stack. The theory and experiments presented in the present paper are 
concentrated on unidirectional reinforcements which are of great importance in manufacturing 
of high performance composites. 
On a micromechanical level there will be at least two characteristic length scales in a real 
unidirectional reinforcement, the fibre diameter and the diameter of the fibre bundles out of 
which the reinforcement is made. The geometry will also exhibit some spatial non-uniformity 
even if it is made with great care, two examples are shown in Photo 1 which shows Ahlström 
R12-256 and in Photo 2 which shows Brochier Lyvertex 21130. The question of permeability 
in an idealized unidirectional reinforcement has been treated theoretically by  Gebart  [7] who 
derived expressions for the permeability both for flow along and for flow perpendicular to the 
fibres. The theory is based on the assumption that the fibres are perfectly distributed in a 
periodic "array". This is not strictly true for real reinforcements but the theory is still of interest 
since it captures the anisotropy of the permeability in a qualitatively correct way. It is of 
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particular interest that the flow will be completely "pinched off' for flow perpendicular to the 
fibres at a characteristic fibre volume fraction. For higher volume fractions than the 
characteristic one flow along the fibres will still be possible. 
One of the advantages with RTM is the freedom the designer has to choose the laminate 
characteristics. Typically a laminate consists of several layers with different orientations which 
may, during the processing phase, result in a permeability different from that in any of the 
layers. It may often be the case that the permeability along a given spatial direction in different 
layers differs by several orders of magnitude. This will result in a flow velocity difference 
between the layers and a non-uniform flow at the flow front. Most of todays mold filling 
simulation codes ignores this fact and solves for a velocity average through the thickness with 
boundary conditions that are valid for a "plug flow". Hence, it is of importance to study the 
flow phenomena at the flow front in some detail and to consider the effect on the boundary 
conditions as was done by Fracchia [4]. In Section 4 a simplified analysis is presented which 
seems to agree fairly well with the finite element calculations and the analysis done by Fracchia. 
The theoretical results are then compared with experiments in the same Section. 
Another important question in RTM is whether the permeability some distance away from the 
flow front can be determined if the permeability of each layer is known. This question is 
addressed in Section 5. 

2. MEASUREMENT OF PERMEABILITY 

2.1 General considerations Several techniques for the measurement of permeability can be 
devised assuming that Darcy's law is a valid description of the flow. The two techniques of 
most interest for the determination of in-plane permeability of composites reinforcements are 
probably unidirectional flow into a uniformly thick "beam" mold and radial flow into a 
uniformly thick "plate" mold. In both cases it is of utmost importance that the temperature is 
controlled and that the mold is sufficiently stiff to keep the cavity thickness reasonably close to 
its nominal thickness. In the unidirectional flow experiments it is also very important that any 
leakage of resin around the reinforcement on any side is prevented. 
Typical injection type polyesters have been shown to behave as Newtonian fluids under 
injection conditions [7] and it seems safe to assume that this is also the case for other low 
viscosity resins which are common in RTM. However, should the resin exhibit non-Newtonian 
behaviour it is no longer possible to define the permeability in the same way as we do in the 
present paper. 
All thermosets will exhibit an increasing viscosity when the degree of cure increases (it is still 
possible to think of the resin as a Newtonian fluid). Hence, it is important that the resin recipe 
(catalyst-accelerator-inhibitor) is optimized to give sufficiently slow increase of the degree of 
cure to justify an assumption of constant viscosity during injection. In our experiments we have 
more than 15 minutes at our disposal from catalyst addition to any significant increase in 
viscosity [7]. 

2.1 Experimental procedure and equipment The molds used in our permeability 
measurements are of either "beam" or "plate" type. In both molds the bottom part of the cavity 
is made from a slab of 50 mm thick aluminium and the top part is made from transparent 
PMMA which enables visual observation of the flow front. The top part is not as stiff as the 
bottom part and has therefore been reinforced with a steel frame so that the measured deflection 
at 0.1 MPa over-pressure is only a few percent of the cavity thickness (3 mm). 
The injection of unsaturated polyester is done at low pressure (typically 0.1 MPa) with a 
"pressure pot" into the centre of the "plate" mold (where a round hole is cut in the 
reinforcement) or into the end of the "beam" mold and the pressure in the pressure pot is 
adjusted to keep the pressure in the mold entrance constant. 
In the unidirectional flow experiments the pressure is measured at the beginning of the 
reinforcement while the flow front position is continuously monitored. Darcy's law can for a 
one-dimensional flow with moving front and constant boundary pressures be integrated to [7]: 

äp  
xf2  — 

2K(1Vf)
t xx (1) 

- 
 

where xf is the flow front position at time t measured from the time when resin wets the 
beginning of the reinforcement at Xf = 0 where the pressure is äp hig.her than at the flow front 
at all times. The experimental data are evaluated by a linear fit to xi/ versus t from which the 
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permeability Kxx  can be computed if the injection pressure  ep,  the viscosity .t and the fibre 
volume fraction  Vf  are known. Typical results from a unidirectional flow experiment in 
excellent agreement with the theory are shown in Fig. 1. 
The radial flow experiments can also be evaluated from an integrated version of Darcy's law [8] 
which in this case becomes a bit more involved since it is expressed in elliptical coordinates and 
involves the permeabilities in both principal directions of the reinforcement (a computer 
program which does the necessary curve fitting is available from the authors). The advantage 
with radial injection is that the full (in-plane) permeability tensor is obtained in a single 
experiment. The flow front position along the two principal directions from a typical 
experiment is shown in Fig.2 where the agreement with the analytical solution (solid lines) is 
seen to be excellent. The results in Fig. 1 and 2 are representative of all experiments and this 
means that there is no doubt that Darcy's law is a good approximation for the flow in RTM 
whenever the resin behaves as a Newtonian fluid and the mold is sufficiently stiff. 

2.2 Quantitative test of the unidirectional flow results The results from the unidirectional 
flow experiments with a continuous random mat (Owens Coming OCF-8610) are compared to 
those of Fracchia [4] in Fig.3. Fracchia made his experiments in a different type of apparatus 
where the fluid (Newtonian oil) was pumped in a closed circuit through the reinforcement (no 
moving front). As can be seen from Fig.3 the results obtained with our unidirectional flow 
mold are consistent with those in [4] since both  datasets  seem to represent a continuous 
variation of permeability with fibre volume fraction without jumps. We believe that this 
comparison shows that our experimental set-up produces quantitatively correct data for the 
permeability. However, it must be kept in mind that a considerable scatter in the permeability 
can be present for many reinforcements due to non-uniformity in surface weight and micro-
geometry. 

2.3 Ouantitative test of the radial flow results Figure 2 shows that the experimental results 
agree very well with theory but a direct comparison between the unidirectional flow and the 
radial flow permeabilities shows that the radial flow plate mold indicates less anisotropy and 
lower permeability in the direction with the highest permeability. The reason for the 
discrepancy between the two experiments is not clear at this stage and hence only results from 
the unidirectional flow apparatus, which we think are the more accurate, will be presented 
below. 

3. THEORY FOR THE ANISOTROPIC PERMEABILITY OF A UNIDIRECTIONAL 
REINFORCEMENT 

3.1 Theory for a unidirectional reinforcement with perfect fibre arrangement The 
permeability in the direction along (//) and perpendicular (1) to the fibres of an idealized 
unidirectional reinforcement with geometrically periodic arrangement of the fibres can be 
written as [7]: 

K11 — c Vf2  

/2 
K

-1- 
= CI - 1)5  R2  Vf  

where the radius of individual fibres is  R  and where  c,  C1 and Vfmax are functions of the fibre 
arrangement. Equation 2 is equal to the well known Kozeny-Cannan equation [9] if 8/c is 
replaced by 1/4k. Equation 3 exhibits a different functional behaviour than eq.2 and it shows, 
in contrast to eq.2, that the permeability will decrease very rapidly when the fibre volume 
fraction approaches Yfmax which for the idealized fibre arrangements considered in [7] is 
between n/4 and n/2/3. This behaviour is in good agreement with that in real unidirectional 
reinforcements where the flow is effectively blocked when the fibres are coming in direct 
contact with each other. 

3.2 Comparison with experiments Unidirectional fabrics are made from fibre bundles which 
are held together by some form of stitching or weft (cf. Photographs 1 and 2) in sharp contrast 
to the idealized fibre arrangement which is assumed in the derivation of eq.2 and 3. However, 

8R2  ( 1 - Vf)3  (2)  

(3)  
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the permeability models in eq.2 and 3 may still be used if we assume that they are the result of a 
homogenization procedure where an assembly of statistically distributed fibres has been 
considered. The constants  c,  C1,  Vf  max  and  R  in eq.2 and 3 are then not directly connected to 
any measurable quantity but have to be determined empirically for every reinforcement. 
However, only a few experiments (only three if they are made properly) will be needed to 
compute the parameters which have to be known to compute the permeability at any fibre 
volume fraction. 
The data for two different  uni-directional reinforcements (Ahlström R12-256 and Brochier 
Lyvertex 21130) have been used to obtain a least-square fit from which the constants can be 
computed (Fig.4 and 5). It is particularly noteworthy in Fig.4 that the Ahlström reinforcement 
exhibits a very sharp "pinch-off' behaviour for flow perpendicular to the fibres and that eq.3 
(the dashed line in Fig.4) captures that "pinch-off' effect very well. The fit of eq.2 to the data 
for flow along the fibres in Fig.5 is not so good, particularly at low fibre volume fractions. One 
plausible explanation for the poor fit is that the Brochier reinforcement has an extremely high 
fibre volume fraction even when uncompacted (>50%) and that as a result of this most of the 
flow will take place between the layers instead of through them when  Vf  is less than 0.5. 
Notice that the upper solid line in Fig.4 and 5 which represents the fit of eq.2 to the data for 
flow along the fibres can also be thought of as a fit of the Kozeny-Carman equation to the data. 
The Kozeny-Carman equation (and eq.2) has only got one independent parameter and this 
means that the shape of the solid line in Fig.4 and 5 is constant and that a change of the model 
parameter would only result in a vertical displacement of the solid line. This in its turn means 
that the Kozeny-Carman equation would give a very poor fit to the permeability to flow across 
the fibres for the Ahlström reinforcement (cf. Fig. 4) while it would give a reasonably good fit 
for the Brochier reinforcement (cf. Fig.5). Thus, it appears that eq.3 is an improvement on the 
Kozeny-Carman equation for the permeability to flow perpendicular to the fibres since it gives a 
very good fit for both types of reinforcements. 

4. FLOW FRONT PHENOMENA IN HETEROGENEOUS LAMINATES 

4.1 Simplified theory for the flow front in a stack of reinforcements of different permeability 
The flow in a stack of porous layers with different permeability but the same fibre volume 
fraction  Vf  has been studied in the simplest case with unidirectional flow and flow front with 
velocity U. 

Definition sketch  

The assumptions is that the stack consists of layers with alternating high (K1) and low (K2) 
permeability and a large difference between the permeabilities. The permeability in the cross-
plane direction and in the flow direction is assumed to be equal in each layer. From continuity 
arguments we see that far away from the flow front the flow must be parallel and a large 
difference between the velocities in the layers will exist while in a "front layer" at the flow front 
we must have a flow from the high velocity layers to the low velocity layers. In the theory we 
are studying average quantities in each layer and the only independent variable is the distance  x  
from the flow front in the high velocity layers. The dependent variables are the pressure  p  along 
the centre line in the high velocity layers and the thickness  h  of the fluid filled part of the low 
velocity layer. The variables are scaled in the following way: 
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where  x*, h*  and  p*  are dimensionless. The resulting normalized equations to be solved are: 

1 + h*  = (5)  

dh* _ 
dx*  h*  

with boundary conditions  h*  =0 and dh*/dx*  -= 1 at  x*  =0. The equations are valid until  h*  = 1 
at x*h  (x  = 1) which means that the low velocity layer is completely filled with fluid and that 
parallel flow must take place for  x  > 1. Figure 6 shows the numerical solution (fifth order 
Runge-Kutta) to eq.5 and 6 from which it can be seen that x*h = 0.88 and that  p*  = 1.3 at the 
end of the slanted front  (x  =1). 
Fracchia [4] has taken a slightly different approach in his analytical model for a similar 
problem. One difference between our model and that in [4] is that we have an isotropic 
permeability in each layer while Fracchia has assumed an anisotropic permeability with the 
same cross-flow permeability in all layers. However, it seems that the two models give similar 
results when the cross flow permeability in [4] is set to K2. The present prediction of the front 
layer thickness 1 (the value of  x  where  h  = s) versus the permeability ratio is compared to 
Fracchia's model and finite element results obtained by Fracchia [4] in Fig.7 where it can be 

seen that the front layer thickness Vs is a nearly perfect linear function of 'NF--1(1  for all three K2 
models and that the present theory predicts front layer thicknesses between that of Fracchia's 
two models. 
The front layer thickness I will in practice be of the order a few mm at the most which can be 
compared to the typical mold dimensions of several hundred mm. Thus, it seems safe to neglect 
any non-uniformity in the flow at the flow front in numerical simulations of mold filling. 

4.2 Experiments The non-uniform flow at the flow front has been studied in a separate 
experiment in our "beam" mold. In order to be able to observe the flow at the moving front the 
stack of different reinforcements have been "turned on its side". We have studied the flow in a 
reinforcement consisting of two stacks of continuous mat (Vetrotex UNIFILO U-812) beside 
each other with different number of layers of mat in each stack. The permeability of the 
continuous mat versus fibre volume fraction is shown in Fig.8 where the solid line is a best fit 
of the Kozeny-Carman equation (which is the appropriate model for continuous mat) to the 
data. The difference between the experiment and the conditions assumed in the theoretical 
model will be negligible as long as wall effects from top and bottom is unimportant for the flow 
resistance in each layer and as long as the wall effects from the sides are limited so that the 
sides effectively act as symmetry boundaries. 
The shape of the flow front in an experiment with two stacks of 0.18 and 0.47 fibre volume 
fraction respectively is shown in Photograph 3. The shape of the flow front took its stationary 
shape a short distance downstream of the beginning of the reinforcement. The front layer 
thickness from several experiments is plotted in Fig.9 where it can be seen that a linear fit to  lis  
versus the square root of the permeability ratio agrees well with the data. The slope of the linear 
fit is, however, less than predicted by any of the models described above (cf. Fig.7). One 
plausible explanation for the discrepancy between the experiment and the theoretical results is 
the leakage at the sides in the experiment (cf. Photograph 3) which will result in a smaller Ms 
than would be the case without leakage. 
It is not possible to draw any definite conclusion about the validity of the models from the 
experimental results due to the experimental imperfections discussed above but it seems likely 
that the finite element model of Fracchia [4] is a very good model for this type of phenomena 
and that the present analytical model may serve as a crude model when order of magnitude 
results are of interest. 

(6)  
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5. PERMEABILITY OF STACKS OF DIFFERENT REINFORCEMENTS  

5.1 Theory for fully developed flow  The laminate in many RTM products consists of several 
layers of different fibre orientation and in some cases even of different reinforcement type. For 
this reason it is of interest to compute the effective permeability of the stack from the properties 
of each layer. Each layer in the laminate is given an index  i  which is between 1 and  N  (the total 

number of layers) with its corresponding thickness ti, its angle 4  between the material 

symmetry coordinate system and the global coordinate system and its velocity vector u' . The  k  
average velocity through the thickness is then: 

1 

<Ilk> = —ttot  

N 

ti u = 
k ttot  

N  

ti 
 [

1 
— arkasiKrs  291  (7) 

     

1=1 

where  ars  are direction cosines defining the transformation between the material symmetry 
coordinate system in each layer and the global coordinate system and hot  is the total thickness 
of the laminate. Some distance away from the flow front (cf. Section 4) there will be no flow 
perpendicular to the plane defined by the mold boundaries which in its turn means that the 
pressure and pressure gradient must be constant through the thickness (an assumption of the 
opposite leads to contradictions). Hence, it is possible to extract the pressure gradient from the 
last sum in eq.7. Direct identification in eq.7 now makes it possible to write the average 
permeability as:  

N 
1 

ti [arkastKrs]i <KU> ttot 
(8) 

As an example of the use of eq.8 we may consider a laminate of unidirectional reinforcement in 
an alternating 0° and 900  layup with the 00  layers oriented in the global  x-direction. In this 
particular case the thickness of each layer is equal and the permeability tensor in each layer is 
diagonal resulting in the isotropic permeability Kavg = 1/2  (Ko.  + K90.) for the stack. 

5.2 Experimental test  According to the theory in Section 5.1 the order in which the layers are 
stacked is of no importance. In order to test this experimentally a series of experiments with a 
unidirectional reinforcement (Brochier Lyvertex 21130) was done at about 59% fibre volume 
fraction. Three different stacking sequences were tested, a pure 0-90 layup with every second 
layer in the 0° direction and every second in the 90° direction, one lay-up with 2 layers oriented 
in 0° and 2 oriented in 90° repeatedly and finally one lay-up with 5 layers oriented in 0° and 5 in 
90°. The results are shown in Fig.10 where the permeability in the 00  and 90° direction together 
with the arithmetic mean of the permeabilities have been indicated with horizontal lines. No 
definite trend with the stacking sequence can be seen in the results, the variations are probably 
just a result of normal scatter in the data. The permeability for all lay-ups is lower than the 
theoretical value (the arithmetic mean) for the permeability even though the difference is not 
substantial. 
It is difficult at this stage to explain the differences between the experiments and theory, one 
possible explanation might be that the interfaces between the layers play a bigger role than has 
previously been thought to be the case but the definite explanation of the differences has to 
await more experiments and analysis. However, the theoretical prediction of the permeability of 
the stack based on the value in each layer is probably sufficiently close to the real value for 
most practical purposes. 

5.3 Importance of micro geometry The importance of the micro geometry for the 
permeability of a unidirectional reinforcement has been addressed in a simplified analysis by  
Lundström  and  Gebart  [10]. In this Section a direct experimental comparison is made between 
three different types of structural reinforcements. The first type is Ahlström R12-256 which 
consists of parallel fibre bundles which are very loosely bound together by a small amount of 
fibres perpendicular to the fibre bundles (cf. Photo 1), the second type is Brochier Lyvertex 
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21130 which consist of flattened fibre bundles which are bound together in a very regular way 
with fibres which contributes about 5% to the total weight of the reinforcement (cf. Photo 2). 
Finally the third type is Brochier Injectex 21091 which is claimed by the manufacturer to give a 
very high permeability to flow and to be very well suited to RTM. This reinforcement is a so 
called twill weave with flattened fibre bundles as warp (52%) and twisted round fibre bundles 
as weft (48%). The round weft opens distinct flow channels along the weft direction which 
increases the permeability significantly in this direction. Figure 11 shows the permeability at a 
fibre volume fraction of 59% and it is clear that the Injectex weave has a significantly higher 
permeability than the other types in the best direction. However, the permeability of Injectex in 
the warp direction is not much different than for the other two resulting in a stronger anisotropy 
for this type of reinforcement. For the sake of comparison also the permeability of a 0-90 lay-
up of Lyvertex is plotted in Fig.11. The conclusion to be drawn from this comparison exercise 
is that differences in the micro-geometry can result in a substantial difference in permeability. 

6. CONCLUSIONS  

The present experimental results together with those in references [4,5,6,7 and 8] show beyond 
doubt that Darcy's law is an excellent approximation for the flow in RTM (cf. Fig.1 and 2). 
The theory for the permeability of unidirectional fabrics in [7] (eq.2 and 3) is an improvement 
on the Kozeny-Carman equation for the permeability of fibrous media since it predicts a more 
rapid "pinch off' for flow perpendicular to the fibres than for flow along the fibres. This is 
particularily important for high performance composites for which the fibre volume fraction is 
close to its maximum (cf. Fig.4). 
The analysis of the flow front phenomena in a stack of different fabrics with large differences 
in permeability shows that for most cases of practical interest the front layer will be very thin (a 
few mm) and that the errors associated with an assumption of "plug flow" will be negligible. 
The derived results for the permability of a stack of different fabrics agree quite well with 
experiments (cf. Fig.10). The discrepancies may be an effect of interfacial effects between 
layers. However, for practical purposes it seems safe to use eq.8. 
The comparison between different high performance reinforcements indicates that the 
microgeometry is important for the permeability. The large differences between different types 
indicate that improvements are possible. 
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Photograph 1: Ahlström R12-256 unidirectional glass fibre reinforcement. 

Photograph 2: Brochier Lyvertex 21130 unidirectional glass fibre reinforcement. 

Photograph 3: Flow front in an experiment with unidirectional flow into a stack of 3 layers side 
by side with 8 layers of Vetrotex UNIFILO U-812 continuous mat. 
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Figure 1: Square of flow front position versus time. 
The straight line is predicted by Darcy's law 

Figure 2: Radial flow front position along the 
principal directions versus time. The solid lines are 
predicted by an approximate solution based on 
Darcy's law from Adams et al. [8]. 
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Figure 3: Permeability of OCF 8610 from two 
independent experiments. The results marked by • 
are from Fracchia 1990 and those marked by III are 
from the present investigation.  
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Figure 5: Permeability of Brochier Lyvertex 21130 
unidirectional glass reinforcement. The solid line is 
a best fit of the theoretical expression for the 
permeability along the fibres (*) and the dashed 
line is a best fit for the theoretical permeability to 
flow perpendicular to the fibres  (B).  
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Figure 4: Permeability of Ahlström R12-256 
unidirectional glass reinforcement. The solid line is 
a best fit of the theoretical expression for the 
permeability along the fibres (*) and the dashed 
line is a best fit for the theoretical permeability to 
flow perpendicular to the fibres  (E). 

Figure 6: Dimensionless pressure (dash-dotted 
line) and layer thickness (solid line) at the flow 
front in a stack of different reinforcements. 
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Figure 9: Experimental thickness of front boundary 
layer versus the square root of the ratio of 
permeability in the two layers. The slope of the 
solid line fitted to the experimental data is 0.38. 
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Figure 8: Permeability of the continuous mat 
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flow front experiments. 
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Note on the flow at the front in a heterogeneous multilayer 
reinforcement  

B. Rikard  Gebart  
Box  271 

S-941 26  Piteå,  Sweden 

This note presents additional details about the derivation of the equations for the flow 

at the front presented in the paper: "Analysis of the permeability in RTM 

reinforcements" by  Gebart,  B.R., Gudmundson,  P.,  Strömbeck,  L.A. and Lundemo, 

C.L. presented at the ICCM  VIII  Conference, Honolulu, 1991. A correction is also 

added to take account of the fact that part of the volume is occupied by fibres. 

The analysis is valid for a stack with a large number (no edge effects) of alternating 

high and low permeability layers. It is assumed that the fibre volume fraction is the 

same in both types of layers as it would be if the layers were made up from an 

anisotropic reinforcement oriented in different directions. 

Far behind the front the flow must be parallel to the layers with no cross flow 

between layers (see figure 1). The assumption of no cross flow results in that the 

pressure gradient must be acting in the plane of the layers (if one of the principal 

directions of the permeability tensor is perpendicular to the layers) and that the 

pressure at a given position must be constant through the thickness. 

Near the flow front there must be a non-uniform flow with cross flow from the high 

permeability layer to the low permeability layer. The shape of the flow front will be 

constant if it is assumed that stationary conditions are obtained. The propagation 

velocity of the flow front can be computed from the flow rate in the layers far behind 

the front: 

1 
Qav = N 

ti 
i=1 

N  
1,4 Qi 
i=1 

(1)  

where  N  is the total number of layers and ti  is the thickness of the layers. The flow 

rate in each layer  Q.  is obtained from Darcy's law: 

(2)  



where 1.1. is the viscosity, Ai  is the cross section area, K i  i  s the permeability in the 

flow direction in layer  i  and dp/dx is the pressure gradient. For a stack with equally 

thick layers with permeability  KA  and KB  the average flow rate is 

r, 1  KA  +  KB  clp  
`•lav 2 dx  A 

The velocity U of the flow front will be affected by the fibre volume fraction in the 

layers: 

U —  Qav  A(1 -Vf) 
(4)  

The qualitative behaviour of the flow at the front is indicated in figure 2 and the 

variables used in the analysis are defined in figure 3. Notice that the spatial coordinate 

system is fixed at the flow front (moving with the flow) and takes the value  x  =0 at 

the flow front in the fast moving layers. Continuity for layer A yields: 

S u,' = u y (5)  

where ux  is the flux density (flow rate per unit area) in the fast moving layer, uy  is the 

flux density across the interface between the layers, s is the layer thickness and where 

denotes d/dx. Continuity for layer  B  yields: 

u = h' U (1 -Vf) Y 

where  h  is the thickness of the wetted region in the slower layer. Combination of (5) 

and (6) yields: 

U (1- Vf) 
h' ux' —  

which (with initial conditions h(0) = 0 and ux(0) = U (1 -  Vf))  can be integrated to 

c(x) 
u (i-Vf) s 

Darcy's law is now applied on the flow in layer A and the cross flow into layer  B:  

(3) 

(6)  

(7)  

(8)  



KA  
ux  =—  p'  

KBE 
uY =-

11  h 

In this step it is assumed that the flow resistance to cross flow in layer A is negligible 

compared to that from parallel flow. This means that the pressure is constant through 

the thickness in layer A for a given value of  x.  It is also assumed that the pressure 

gradient that drives the cross flow over the interface between the layers can be 

estimated with p/h (implying a linear pressure gradient in layer  B).  

Equations (6) and (8) can be substituted in (9) and (10) to give:  

K 
-V-h(x)+V=—A p'  

11  

h'(x) V = h(x) 
n(y) 

(12) 

where the new variable V (notice that V = Qav/A) is defined by: 

V=U(1-Vf) (13) 

The equations in (11) and (12) are sufficient to determine the unknown quantities p(x) 

and h(x) but it is advantageous to make the equations dimensionless first. Introduce 

the new variables fi and ji defined by: 

x=s 
„VT-CA  _  

x (14) 

h=sh (15) 

-   Vs (16) 
KAKB  

The new variables can be substituted in (11) and (12) to give: 

(17) 



where the' now denotes d/cli. Equations (17) and (18) can be combined to: 

dh p  

dii fi (1 + h)  

which is a separable differential equation that can be rewritten as 

h(1 + fi) di = ii di) 

This can be directly integrated to 

—2
h2  +i  _3

+C= 2-3
h2_-2  

On the flow front  -p  =0 and  ri  = 0 and this means that the constant  C  =0. Thus, 

i52 = h2 + 2 E3 
3 

The only meaningful root to (22) is the positive one 

(18)  

(19)  

(20)  

(21)  

(22)  

(23) 

Substitution of (23) in (18) yields 

2 - H' ="\/1 + -3 h  (24) 

Also (24) is separable and it can be integrated to 

.\13 (3 +20=i+C2 (25) 



where the constant C2  is determined by the conditions at the front  (i  = 0; fi = 0). 

Thus, 

The dependence of Ti on  i  can be derived from (26) to 

(__ )  
fl  =  i  3 + 1 6 

It is of particular interest to compute the value of  i  for which fi = 1 (i.e. the depth of 

the troughs in the jagged flow front). The depth  -d-  is readily computed from (27) to 

3  = .N/B -  3  -  0.87 (28)  

This value agrees very well with the numerically computed value (0.88) in the ICCM 

Paper mentioned above. 

The depth in dimensional form becomes: 

‘ KA  
d  = (Nr13 -  3) -\r--: s  ..---,  0 87  "\FA's  KB  "  KB 

(29) 

Typical values for the permeabilities  KA  and KB  can be taken from the reported 

values in the ICCM report. The ratio between the two perrneabilities is about 10 for a 

fibre volume fraction of 0.6 and the thickness of each layer is about 0.3 mm (s = 0.15 

mm). Thus, in this case the flow front boundary layer will have a thickness of about 

0.4 mm. 

The pressure drop A-p  over the flow front up to the point  i  = a can be computed from 

(23) by substituting fi = 1: 

1.29 (30) 

which also agrees nicely with the numerical value (1.3) in the ICCM paper. 

In dimensional terms the pressure drop over the front is: 

(26)  

(27)  



A
P 'V 

'\17.2  P.  VS 
KAKB  

(31) 

It is illuminating to compare the pressure drop in (31) to the pressure drop over an 

equal distance in the main flow far from the front. The pressure drop is obtained from 

Darcy's law (3) with Q/A = V: 

A 
APinain - V 1 (-M - 3) -\11/7 s  B + KB) 

The ratio of the two pressure drops [(31) and (32)] is: 

'-14-11)  lain=  2 •\172  (-N[B -  3) iK  Ap 5 
1  + KA  

In the limit of very large difference between the two permeabilities (33) attains the 

value 1.35. This means that the modification of the pressure by the non-uniform flow 

at the flow front is relatively small. 

(32)  

(33)  
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Figure 1: Definition sketch for the multilayer reinforcement 
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Figure 2: Qualitative behaviour of the flow at the flow front 
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Abstract 

The equations of one-dimensional heat transfer with chemical reactions with isothermal 

initial conditions and constant wall temperature are solved approximately for all types of 

kinetic models. The general solution is valid for low exothermal peaks and it is characterized 

explicitly by two dimensionless parameters. The first parameter is the ratio between the time 

scale for heat conduction and that for the chemical reaction, the second parameter is the ratio 

between the processing temperature and the adiabatic temperature rise. The number of 

additional parameters depends on the particular choice of kinetic model. The maximum 

temperature in the solution always occur at the centre line and its magnitude is proportional 

to the maximum rate of reaction. 

For a second order autocatalytic kinetic model closed form results can be obtained. The 

solution is in this case characterized by 2 additional dimensionless parameters. 

The analytical solution agrees excellently with numerical solutions for small exothermal 

temperature peaks (< 10% of the adiabatic temperature rise) but the qualitative agreement is 

very good also for cases with significant exothermal peaks. 

The general solution can be used also for the case when the kinetic model is unknown and 

only experimental DSC results are available. 



Introduction  

The quality of fibre reinforced composite parts made with thermoset resins depends to a large 

extent on the curing process. The temperature in the laminate must be kept as uniform as 

possible during cure to avoid residual stresses after cooling. Moreover, thermal degradation 

of the matrix or voids from gas formed by chemical reactions may occur if the maximum 

temperature in the laminate becomes too high. This may sometimes be in conflict with the 

demand for short cycle times which often necessitates high processing temperatures that may 

give strong temperature gradients. 

Non-uniform and high temperature usually occurs when the laminate is thick in some sense. 

A strict definition of a thick laminate is difficult to make since it depends both on the 

reactivity of the thermoset at the processing temperature and the thermal properties of the 

laminate (heat conductivity, specific heat capacity and density). One way to estimate when a 

laminate can be considered 'thick' is to compute the ratio between the time scale for the 

reaction and the time scale for heat conduction. Adiabatic behaviour with high temperatures 

can be expected when this ratio is much less than unity 1. 

Several kinetic models have been proposed for use in the simulation of the cure process in 

thermosetting materials. The most complex models are based on a semi-mechanistic 

approach 23. However, these models are usually quite impractical for engineering purposes 

due to the difficulty in obtaining the model parameters. An alternative to the fundamental 

models are empirical or phenomenological models formulated in terms of the degree of cure 

(or the degree of conversion) which are much easier to apply in a practical case. The degree 

of cure can be defined as4:  

dt' 

pHtot  
(1) 



where qr  is the heat production per unit mass by chemical reactions,  p  is the density of the 

composite and H is the total amount of heat which is released per unit mass if the reaction 

is allowed to progress until completion. The simplest model of this kind is the so called n:th 

order kinetic model 1.5 which describes how the rate of reaction depends on the degree of 

cure and the temperature,  

da 
-E = K (1 -a)'  

where  K  is a temperature dependent parameter usually described by an Arrhenius expression. 

This model can be slightly refined to take account of diffusion controlled phenomena 6 by 

substituting a temperature dependent function amax  inside the parenthesis,  

da , \ri 
—di-  = K V2max - a)  

Both models (2) and (3) are unable to model the maximum in the rate of reaction for 

intermediate values of a which is observed for autocatalytic materials. A model that can 

describe autocatalytic behaviour was proposed by  Kamal  and Sourour 7'8'9,  

da  , 
71V= 0(1 4.  K2 am) (1 - cOn  

where K1  and K2 are temperature dependent parameters. An alternative form of (4) with K1  = 

0 has been found to work well for unsaturated polyesters M. Measurements in our own lab 

show that (4) with K1  = 0 works reasonably well also for epoxy and  vinylester.  The model in 

(4) can be refined in a similar way to the n:th order model to take account of diffusion 

controlled behaviour at the later stages of the reaction  Il  to yield 

(2)  

(3)  

(4)  



where a is a linear function of temperature. 

In the present study an explicit solution is presented for temperature and chemical reactions 

characterized by the autocatalytic model in (4) with m +  n  = 2 (second order reaction) and 

with K1  = 0,  

da  K  2-El  Tt. --  2a  (I -a)
n  

which is sufficient to model the important features of many real materials (see fig.1). The 

purpose of the present paper is to investigate the influence on the temperature and the cure 

time from different process parameters. The simple model in (6) exhibits most of the 

important features of the more refined models. The main limitation is the poor description of 

the ultimate degree of cure at different temperatures but this has no practical importance for 

the exothermal temperature prediction and for the time to, say, 50% conversion. The dashed 

lines in fig.I are computed from a best fit of the model in (5) and the solid lines are from a 

best fit to the model in (6). Both models agree qualitatively well with the data but the model 

in (5) agrees more closely quantitatively with the data which is not so surprising since a 

larger number of fitting parameters usually gives a better fit_ However, it is debatable 

whether the more complex model in (5) will give a better prediction of a real processing 

situation than the other models since the model parameters are difficult to determine with 

high accuracy (particularly K1) and since it is very difficult to ensure that the processing 

conditions are exactly as in the theory. 

The boundary and initial conditions for the energy equation has been investigated for 

different composites manufacturing processes by Castro 12. The analysis of chemical 

reactions and the mould filling process can be decoupled for cases where the mould filling 

time is much shorter than the gel time of the material. Castro also shows that the mould 

filling process can be considered isothermal at the mould wall temperature if the time scale 

for heat conduction is much smaller than the time scale for the reaction. In the case of liquid 

composite moulding processes such as Structural Reaction Injection Moulding (SRIM) and 

Resin Transfer Moulding (RTM) the mould temperature is usually close to the initial 

(6) 



temperature of the resin. In summary, this makes it reasonable to assume, in many processing 

situations, that the resin temperature is isothermal and at the mould temperature when the 

cure process starts. 

For the case with high speed liquid composite moulding at higher temperatures and with 

minimized cure times the case is not so clear and more work is needed to determine if an 

analysis with isothermal initial conditions at the mould temperature is feasible. 

In this paper a general solution valid for small exotherm temperatures is developed. The 

general solution is specialized to the kinetic model in (6) so that an explicit analytical 

solution is obtained. The analytical solution is compared to a numerical solution of the full 

non-linear problem and is found to give good results for small exotherm temperatures. For 

higher exotherm temperature peaks the model still gives qualitatively correct results. The big 

advantage with the analytical solution is that it gives a detailed 'map' over the dependence on 

the problem parameters in contrast to the point-wise information that usually results from a 

numerical solution. 

General solution for small exothermal peak temperatures 

The following analysis is valid for a geometry in which the thickness is small compared with 

the width so that heat conduction is essentially one-dimensional. Moreover, the material 

properties are assumed to be independent of the temperature and the degree of cure. 

The equation for one-dimensional heat conduction with chemical reactions in a material with 

constant properties is 13: 

aT a2T  

where  p  is the density,  c  is the specific heat capacity, 2t. is the heat conductivity and where qt. 

is the heat production by chemical reactions. An equivalent expression for the heat 

production associated with the reactions can be derived from the definition of a in (1: 

(7) 



t = 0 (11) 

f x =-- 0  
I  x = h (10) T = To  

T = Tol 

a =e f 

da 
qr  = p Htorci-t- 

The rate of reaction da/dt is at this stage assumed to be described by the general expression:  

da 
f(a,T)  

In the next section a particular model will be used in place of the right hand side of (9) but 

the analysis can be taken several steps forward without any further assumptions about the 

kinetic model. The boundary and initial conditions for the problem are: 

(8)  

(9)  

The timescale for this problem depends primarily on the reactivity of the material and a 

suitable timescale can be derived from the reaction with adiabatic conditions for a small 

sample of material (small enough to be isothermal). For this case the energy equation can be 

integrated directly to: 

T - T — t°t a 0 c 

Substitution of T from (12) in the kinetic model equation (9) yields the reaction rate at 

different degrees of cure. The particular value of the degree of cure, denoted al  in the 

following, that is chosen to compute the characteristic rate of reaction should ideally be 

chosen so that da/dt is at its maximum. However, for an order of magnitude estimate any 

value of a in the interior of the interval [0,1] is acceptable. Thus, the characteristic value of 

the rate of reaction is: 

(12) 



da  I 
cT I char = f (a,T) 

la = at 
; T . T0  + c  11-1 t  

a l 
(13) 

The timescale 2 for significant change of the degree of cure is the inverse of the characteristic 

rate of reaction: 

-1 
[dal 1  

=  L  dt Ichari  (14)  

The characteristic length scale of the problem is the thickness of the laminate L and a 

characteristic temperature is obtained from the adiabatic temperature rise ATad: 

— ATad c  (15)  

The maximum change in temperature with the temperature normalized with ATad will be of 

order unity or smaller. However, higher temperature changes are possible if the boundary 

temperature is higher than To 14,15.  The degree of cure, a, needs no scaling since it is already 

dimensionless and of order unity by definition. Dimensionless variables are obtained by 

scaling of the original variables: 

t* = (16) 

— AT. 
ad 

(17)  

(18)  

Substitution of these variables in the governing equations yields: 



(22) 

(23) 
a =c 

In =0 

11 = 1 

t* = 0 

0 =  80 

0  = 00} 

ae r., a2-0 da  
ats = lz ari2 + dt*  

da  
—dt* = F(a,0) 

where the dimensionless kinetic model F(a,0) is defined by: 

F(a,8) = fl f (a,T) ; T = ATacte 

The dimensionless initial and boundary conditions are: 

(19)  

(20)  

(21)  

The two dimensionless parameters  LI  and 00  are defined as: 

XT 
s-2 _ pcL2 

To  
eo — grad  

The dimensionless kinetic model equation (21) contains additional dimensionless parameters 

that depend on the particular model in question. The first dimensionless parameter f2 can be 

interpreted as the ratio of the timescale for the reaction to the timescale for heat conduction. 

It is sometimes called a diffusion Deborah number 11. The second parameter 80 is the non- 

dimensional initial temperature. 

(24)  

(25)  



The dimensionless equations for the cure process ((19) and (20)) can be solved for the special 

case with close to isothermal conditions which is obtained when the exothermal peak 

temperature is small. In this case the temperature variation is so small that the reaction rate is 

essentially the same as it is under isothermal conditions. This means that the energy equation 

and the kinetic equation become decoupled and can be solved in sequence. 

The kinetic equation can be integrated to: 

a = G(00,C) (26) 

where  G  is a time dependent function that also depends on the parameter 00. It is difficult to 

find analytical expressions for  G  for most of the kinetic models presented in the Introduction. 

However, it is always possible to perform this step for any sensible kinetic model although it 

is in some cases necessary to resort to a numerical solution. The solution for a yields a time 

dependent solution for da/dt independent of the temperature variation around 00:  

(27) 

where F0 is given by: 

Fo = F (G(00,t*),00.) (28) 

Notice, that the solution in (26) and (27) can also be obtained directly from an isothermal 

DSC experiment. The DSC instrument can then be said to act as an analog computer. The 

solution for da/dt in (27) is now substituted in place of the source term in (19). The general 

solution to (19) with the time dependent energy source Fo(t*) from (27) is then 13: 

0  — vo = —  a  4  I  (-1)n  
(2n  +  1) cos [(2n  + 1)7c(ii -  1/21 5  F0(t) e-S2(2n+1)21t2(t*-T) dt (29)  

it  n4 0 



This solution is valid for all values of  SI  and all types of time dependent source terms Fo(t*). 

The only assumption is that the resulting exotherrn temperature peak must be so small that 

the kinetic and the energy equation are effectively uncoupled. The solution in (29) can be 

considerably simplified if the integral in the sum is solved approximately with Laplace's 

method 17: 

o _ e _ 4 _ (-1) 1  0 —  Ir  li (2
n  + 1) cos [(2n + 1)/r(ti - 1/21 F0  (t*) , 

12(2n + 1)%-rr2  
n=0  

The result in (30) can be simplified even further since the sum can be evaluated explicitly to:  

i 

- - 211 - 

The approximation leading to (31) is strictly valid if SI(2n + 1)27E2  is very large which is true 

if  SI  is of order unity. The error that is made by approximating the integral in each term in 

(29) appears to be very small. However, the errors are added in an infinite sum and there is 

no easy way to estimate the influence of this. It is possible to arrive at the result in (31) by a 

more direct approach. The energy equation (19) can be integrated directly to yield the result 

in (31) if it is assumed that I/ a29/ari2 » Deiat. Notice, that this is not necessarily the same 

as to assume that fix> 1 and that the limiting value of  SI  depends on the exact choice of al  

in the scaling. No serious attempt will be made at investigating the problem in detail here. 

However, in the light of the numerical solutions later in this paper the approximation seems 

to be justified for II of order unity. 

Thus, the instantaneous maximum temperature AO in the spatial domain 0 5  ri  5 1 will always 

occur at the centre line (Ti = 1/2) and its value is: 

1 
Fn(t*) 

8f2 ' 

(30)  

(31)  

(32)  



The maximum of the temperature at the centre line will therefore occur at the maximum in 

the reaction rate and with the notation above it is 

8S2 max 
(33) 

where  Fol denotes the maximum value of Fo. 
max 

Analytical solution for a second order autocatalytic kinetic model 

The general solution in (31) can be expressed in closed form for special choices of the kinetic 

model. In this section a solution is presented for the second order autocatalytic model in (6). 

The time scale for adiabatic reaction is computed from the reaction rate at a = 0.5 (cf. (13)): 

= 
1 4 ( E 

‘.. 
Tad R[1°. —+ 11 J1 ATad 2 

Notice that the time scale is independent of the exponent  n  when al  = 0.5. The 

nondimensional form of (6) can after some manipulation be written as:  

't —
A 

exp (34) 

ri 
 2..0 _,-  i_gi  

da 
=4  F

L  -  0  j 
dt*  (1 - ar  (35) 

where two additional dimensionless parameters (r and  n)  appear. The new parameter r is 

defined by: 

1 F =  i  AT (36) 



and it can be interpreted as the ratio between the time scale for adiabatic reaction and an 

additional reaction time scale defined by A-1. 

The values of the dimensionless parameters for a 3 mm thick laminate with glass fibres  (Vf  = 

0.5) and  vinylester  (BASF Palatal A-430) and a 5 mm thick laminate with carbon fibres  (Vf  = 

0.6) and epoxy (Fiberite 976) are presented as an example in table 1. The kinetic parameters 

for the resins have been determined from DSC-results with a non-linear least squares fit 

procedure. The experimental data for the  vinylester  are from isothermal DSC measurements 

in our laboratory and the data for the epoxy are from Dusi et al.8. The material properties of 

the laminate are shown in table 1: 



Parameter Glass +  vinylester  Carbon + epoxy Dimension 

L 3 5 [mm] 

To 308 (35°C) 423 (150°C)  [°K]  

Porosity 0.5 0.4 [1  

P  1890 1580 [kg/m3]  

c  1140 970 [J/kgrK]  

X,  0.4 0.7 [VV/rrelq  

E  4.3404  6.9.104  [J/mol] 

A 3.7-104  1.2-105  [I/s] 

n  1.5 1.6 - 

Htot  1.8.105  2.1.105  [J/kg] 

åTad  158 216  [°C]  

T 65 188 [s]  

SI,  1.3 3.3 - 

F 6.105  5.5.105  - 

00  1.9 1.9 - 

Table 1: Material properties and the resulting dimensionless parameters for a 3 mm thick 

glass fibre-vinylester  laminate with an initial temperature of 35°C and a 5 mm thick carbon 

fibre-epoxy laminate with an initial temperature of 150°C. The thermal conductivity of the 

composite is computed from the Nielsen rule-of-mixture 16. 

The dimensionless parameters are of about the same magnitude in the two examples in tab.1 

but in general they can vary within wide limits depending on the thermal and kinetic 

properties of the material in question. However, in most cases of practical interest (i.e. 

without high exothermal temperatures) the parameters S2 and 00  can be expected to be of 

order unity. 



Specialization of (35) to the case with low exothermal peak temperatures (0 .---- 

da  

00) yields:  

dt* = Cl 
 a2-n  (1 -a)  (37)  

where the constant C1  is given by: 

1 _ 
C1 = 4 r 200 (38)  

Equation (37) can be rewritten as:  

da 
a2 

a  
l _ a)n 

 
(39)  

which can be integrated to 

0/E  - 01-n wa  

1-n - 1-n —Cl t* for n*1 (40)  

ln  
(1/c  -  1  

for  n =  1 
''  

(41)  
l/a-  1)  

The special case with  n  exactly equal to unity (41) is of little interest and will in the 

following be left out of the discussion. (The solution below can easily be repeated also for the 

case  n  = 1). Equation (40) can be solved for a: 

a — 
1 

1 (42) 

1  +  [(lic-  1)
1-n 

 -  (1  -  n)  CI  t*]1-n  

and this solution is plotted in fig.2 with parameter values from table 1 and 3 different values 

of  e  (10-6, le, 10-2  and 0.1). Notice, that a depends on the initial value  e  but that this 



dependence becomes negligible for sufficiently small values of  e  when  n>  1 (see fig.2). The 

dependence on  e  is a result of the kinetic model that predicts zero reaction rate at a = 0 and 

makes it necessary to set the initial value of a to non-zero values to obtain non-trivial 

solutions. Rearrangement of (42) shows that the dependence on  e  is equal to a time shift in 

the time dependence in a: 

I  
a — 1 

1 +  [(n  - 1) CI  (t* - T*)]1-n  

where the time shift t* is given by: 

(1/e - 
 

t*  - (1 -  n)  CI  

Hence, the shape of the curve a(t*) is independent of  e  although the time at which a attains 

different values depends on  e.  This is also evident in fig.2 where the horizontal distance 

between pairs of curves is constant. The solution for a exhibits fundamentally different 

behaviour for  n>  1 and  n  < 1, respectively. For  n  < 1 the reaction progresses to completion 

(a = 1) for finite times: 

(1/e - 1)1-n 
t* for  n  < 1 (45) core — C1(1 -  n)  

For  n>  1 the degree of cure will be less than unity for all finite times and the time shift in the 

solution (T*) approaches zero asymptotically as  e  approaches zero. 

The corresponding solution for da/dt evaluated from (42) or (37) is: 

(43)  

(44)  



n  

,..,  da 
[(1/

e 
 - . 

I  ,) 
 1-n  -  (1  -  n)  CI  ell-n  

dt*  -=  '-'1 1 12 

{1  +  [(1/E  -  1)1-n  -  (1  -  n)  Ci  t*11-nf  

The time at which the maximum in da/dt* occurs is: 

1 (1-n) n  (I -  n) 

1  /-2—en  (1k  -  i)  
(*peak =  —4 -  i-n  

and the corresponding value of a is: 

= i n apeak - —2  

Notice that the time for the maximum t* is practically independent of  e  for small values 
Peak 

of  E  and  n  > 1. 

Substitution of da/dt* from (46) in (32) makes it possible to evaluate the instantaneous 

centre-line temperature. The solution for the maximum value of the centre-line temperature 

AE)* is obtained at the maximum of da/dt and it takes a remarkably simple form after some 

algebraic manipulation: 

1  n  m -1 - 1 

AO* =-8  n  m  Q  r 280  

where m +  n  = 2. Notice, that there is no dependence either explicit or implicit on  E.  In a 

practical situation it is often of interest to keep the maximum temperature below a 'target 

temperature' to minimize the residual stresses in the laminate and to avoid degradation of the 

matrix material. It is interesting to see how the solution in (49) can be used to predict a 

suitable processing temperature that will give an acceptable peak temperature for different 

(46)  

(47)  

(48)  

(49)  



values of S2 and r. To do this, the left hand side in (49) is set to the target temperature rise 

AO' and the resulting equation for Elo  is solved: 

1 In r  
nn mm 

In  

The optimum processing condition map computed from (50) with AO' = 0.01 is shown in 

fig.3 for three different values of r. Combinations of 00  and f2 below the lines will result in a 

peak temperature below the target value that was used to compute the lines. 

Comparison with numerical solutions 

The analytical solution in the previous section is valid for small exotherm peak temperatures. 

The exact value of the exotherm temperature for which the solution ceases to be valid is 

unknown. To investigate this matter in more detail a series of numerical solutions were 

computed for various combinations of the dimensionless parameters. The governing 

equations were integrated with an implicit time stepping scheme with full non-linear iteration 

on each time level 18,19. The spatial discretization was 50 control volumes across the 

thickness of the laminate and the initial time step was set to 0.01. The program also has an 

automatic time step strategy which tries to keep the maximum change in a between time 

steps less than 0.001. All computations were performed in single precision but this caused no 

significant problem except for a few cases at the very lowest reaction rates where round off 

errors appears to influence the result. The initial value of the degree of cure  e  was 10-5  and 

the value of  n  was 3/2 (in = 1/2) in all cases. 

Figures 4 and 5 show the temporal variation of temperature and degree of cure for 3 different 

values of 12 (0.01,0.1 and 1). The temperature plots in fig.4 show the gradual transition to 

(50) 



adiabatic behaviour when 12 decreases. The adiabatic solution in (12) can be rewritten to 

show that in the adiabatic case: 

3,0 =- a (51) 

The temperature variation for f2= 0.01 is clearly adiabatic which can be seen in fig.6 where 

the temperature and the corresponding degree of cure are plotted versus time. Notice, the 

very good agreement with (51) for a <0.8. 

The numerical and analytical solutions are compared in fig. 7 and 8 for the case with  n  = 1, 

F = 105  and 80 = 2.5. The agreement between the solutions is very good with a maximum 

relative error in the temperature of about 9%. 

The scaling of the peak temperature with the dimensionless parameters r and 00 is compared 

to the analytical solution in fig.9 and 10 and the agreement is found to be excellent for the 

parameter range investigated. 

The peak temperature dependence on 12 is investigated in fig.11 where the results for a wide 

range of f2 values and two different combinations of 030 and r are shown. As can be expected 

the agreement with the theoretical solution is good at  SI  around unity but it is interesting to 

notice that the qualitative agreement is good in the whole range of f2 values all the way up to 

adiabatic conditions (peak temperature = 1). 

The analytical solution has also been investigated with respect to the time to peak 

temperature in (47) (see fig.12). The agreement with numerical results is very good also for 

this aspect of the analytical solution. 

The peak temperature from 192 different runs with various combinations of dimensionless 

parameters is plotted in fig.13. The abscissa in fig.13 is the analytical solution for the 

maximum peak temperature in (49). The theoretical solution (solid line) is also plotted in 

fig.13 for comparison. The scatter at low values of the temperature peak are probably a result 

of round-off errors since this is the region where the approximation should be best. At higher 

values of the temperature peak the deviation is a result of non-linear behaviour. Notice, that 

the agreement with the analytical solution is excellent at low exothermal peak values and that 



it is reasonably good at values of AO around 0.1. The results for  SI  <0.5 in fig.13 can be seen 

to deviate slightly from the theoretical solution at intermediate values of the exotherm peak. 

Some of this deviation probably comes from the approximation of the integral in (29) which 

becomes less good when 12 < 1. 

Summary and conclusions 

A general solution for simultaneous heat transfer and chemical reactions in a thermosetting 

material has been found in the limit of small exothermal temperature peaks. The temperature 

solution shows that the maximum temperature always occur at the centre line for diffusion 

Deborah numbers (12) of order unity or larger. The peak temperature is proportional to the 

peak reaction rate and it occurs at the same time as the peak reaction rate occurs. 

The kinetic equation is integrated explicitly for the special case with a second order 

autocatalytic kinetic model and the result is substituted in the general solution to yield a 

closed form solution for the temperature. The analytical solution is compared to numerical 

results and it is found to be valid with good accuracy as long as the exothermal temperature 

peak is smaller than about 10% of the adiabatic temperature peak. However, also for higher 

temperature peaks, the qualitative behaviour of the analytical solution is similar to the 

numerical solution. 

The general temperature solution above can be used without a kinetic model since it is valid 

for all types of time dependent heat sources. All that is needed to compute the temperature is 

the time dependent heat production by the chemical reactions at the processing temperature. 

Hence, the processing temperature and the formulation of the reacting material can be 

optimized, with regard to processing time and maximum temperatures, utilizing isothermal 

DSC measurements. If the computed peak temperature is larger than the desired value, new 

DSC measurements at lower temperatures are made until the peak temperature is acceptable. 



The most critical parameter for the characteristics of the cure process is the diffusion 

Deborah number (f1). A prerequisite for high exothermal temperatures appears to be that this 

parameter is less than unity. Both S2 and the dimensionless processing temperature 00 are 

fundamental parameters in a sense since they do not depend on the particular choice of 

kinetic model. When a particular kinetic model is introduced additional dimensionless 

parameters will appear. The cure behaviour for the autocatalytic model above depends less on 

these additional parameters (F and  n)  than on S2 and 00. It is difficult to draw similar 

conclusions that are valid for general kinetic models. However, it seems likely that the 

additional parameters in the general case will be less critical than  SI  and 80  since most 

models behave qualitatively in the same way as the simple model above. 

The isothermal initial condition and the constant wall temperature employed in the present 

analysis is an approximation of the conditions in real processing situations. The 

approximation is quite good for a metal mould with water heating but very poor for an 

unheated composite mould with low thermal diffusivity. Probably the most important 

deviation from the assumptions in the analysis is that the wall temperature can be time 

dependent. Hence, an interesting extension of the present analysis would be to include this 

feature in the model. 
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Notation  

A -,-- frequency factor in kinetic model [s1]  

c  = heat capacity [J/kg-°K] 

C1  = constant in analytical solution  

E  = activation energy [J/mol] 

f(a,T) = general expression for the rate of reaction [0] 

F(a,(3) = dimensionless equivalent of f(a,T) 

Fo(t*) = reaction rate corresponding to G(80,t*) 

G(00,C) = isothermal solution to the kinetic equation 

Htot  = total heat of reaction [J/kg]  

K  = rate constant in kinetic model 

m,n = exponents in kinetic model 

qr  = heat production by chemical reactions [W/m3]  

R  = universal gas constant (8.314 [J/mol.°K]) 

T = temperature  [°K]  

t = time [s]  

C  = dimensionless time 

To = initial and boundary temperature  [°K]  

ATad  = adiabatic temperature rise  (Hic)  [°K] 

x  = spatial coordinate [m] 

a = degree of cure 

amax  = maximum degree of cure in kinetic model 

al  = characteristic degree of cure 

F = ratio of two reaction time scales 

s = initial degree of cure 

ti = dimensionless spatial coordinate 

13 = dimensionless temperature 

Go  = dimensionless processing temperature 



A0 = centerline temperature rise 

A0* = maximum value of centerline temperature rise  

X  = heat conductivity fW/m-°K]  

p  = density [kg/m3] 

t = characteristic time scale for adiabatic reactions [s]  

SI  = diffusion Deborah number 
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Figure I: Comparison of the ability of two different kinetic models to describe the 

cure process for an epoxy resin (experimental data from Dusi et al.7). The solid line is 

a best fit to a simple second order autocatalytic model and the dashed line is a Fit to 

the model proposed by Kenny et al. with K1  = 0. 
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Figure 2: Analytical solution for the degree of cure ct versus dimensionless time for 4 

different values oft. Values for the dimensionless parameters are 12 = 1.3, F = 6-105  
and 00  = 1.9. 
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Figure 3: Stability map for 3 different values of r. The target value for the exotherm 
peak .t),(31  is 0.01. Values of  SI  and 80  above the lines will give a higher exotherm peak 

than the target value. 
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Figure 4: Numerical results for the centre line temperature variation for 3 different 
values of 13 (F = 105  and eo  = 2.5). 
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Figure 5: Numerical results for the centre line degree of cure for 3 different values of 
(F = 105  and Bo = 2.5). 
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Figure 6: Temperature increase MP" and degree of cure a at the centre line for  SI  = 
0.01 (r-  =  los  and 80  = 2.5). Theoretically AO" = a for an adiabatic cure process. 
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Figure 7: Comparison of the numerical to the analytical solution for the degree of 
cure with  SI  = 1, r= 105  and 00 = 2.5. 

Figure 8: Comparison of the numerical to the analytical solution for the centre line 
temperature increase with f2= 1, r= 105  and 80  = 2.5. 
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Figure 9: Comparison between numerical and analytical results for the maximum 
temperature increase at the centre line with  SI  = 1 arid 130  = 1.9 versus r. 
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Figure 10: Comparison between numerical and analytical results for In tie" with 2= 
I and r = 6.105  versus 1/e0. 
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Figure 13: Numerical solutions for a wide range of parameter combinations (0.001 < 

fl <30, 10< r < 3.6.1010  and 1.5 < 00  < 8.0) versus the theoretical solution for the 

temperature peak. The analytical solution is plotted for comparison purposes. 
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Figure 11: Comparison between the numerical and the analytical solution for the peak 
temperature versus f2 with two different combinations of 00  and r. The lines are the 

corresponding analytical solutions. 
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Figure 12: Comparison between the numerical and the analytical solution for the time 
at which the temperature peak occurs with  n  = I and eo = 1.9 versus r. 
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