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Foreword 
 
This publication contains the written versions of the papers presented at the 8th International 
Conference on Flow Processes in Composite Materials (FPCM8), held on July 11th-13th 2006 
at the Ecole des Mines de Douai, France. This was the first meeting in France. The previous 
FPCM conferences in this series took place at the Brunel University, England, in 1988; the 
University of Limerick, Ireland, in 1991; the University of Galway, Ireland, in 1994; the 
University College of Wales, Aberystwyth, Wales, in 1996; the University of Plymouth, 
England, in 1999 ; the University of Auckland, New Zealand, in 2001. The 7th conference was 
held at the University of Delaware, USA, in 2004.  
 
The general purpose of this conference is to provide a forum for the presentation and 
discussion of the latest research and technology on all aspects of flow processes in composite 
materials. The topics addressed in this publication span the entire spectrum of research to 
applications for composite manufacturing processes. 
Papers are grouped into several broad areas, including permeability prediction, experimental 
analysis, modeling, forming, material characterization, applications, simulation, monitoring 
and control. Flow processes in stationary fiber beds are predominant. The topic of hydraulic 
permeability of fibrous preform continues to give rise to fundamental and applied researches. 
References to the pioneer work of the French Engineer Henry G. P. Darcy are numerous in 
this volume. This conference coincides with the 150th anniversary of the publication of “Les 
Fontaines Publiques de la Ville de Dijon" with the famous Appendix D, where Darcy's Law 
for flow in porous media was stated. A mini-exhibition in honor of H. G.P. Darcy was held 
during this meeting.  
 
I want to thank J. C. Duriez, Director of the Ecole des Mines de Douai, and Prof. P. 
Krawczak, head of the Department of Polymers and Composites Technology & Mechanical 
Engineering, for their support to this conference. I want to thank the JEC Group for the 
endorsement of the conference. We especially thank the City of Dijon and Mme E. Lochot for 
supplying us with Henry G. P. Darcy’s documents exhibited during this conference. We are 
grateful to Prof. E. Glenn Brown, Oklahoma State University, and Henry Darcy for providing 
the biographical material published in this volume.  
 
I am grateful to the scientific advisory board for reviewing the abstracts of these manuscripts.  
I would like to acknowledge the contributions of the members of the organising committee 
and of the sponsors towards the success of FPCM8. The local organiser Catherine Canivet 
contributed with her professionalism in tracking any details, in designing the website, 
collecting abstracts and papers and preparing the published proceedings, was indispensable 
during the organization of FPCM8. Thanks are also due to the accounting, computer science, 
media and catering departments for all necessary arrangements for the meeting.  
 
I hope that you will enjoy the excellent work of our many authors and this volume brings you 
some new ideas and understanding of the magical composites manufacturing world.  
 
 

Christophe BINETRUY 
Chairman of the FPCM8 Conference 

June 6th, 2006 
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The Environmental and Water Resource Institute of the American Society of Civil 
Engineering held a one day symposium in honor of Henry G. P. Darcy's 200th birthday. The 
Symposium was part of the larger, World Water and Environmental Resource Congress held 
in Philadelphia, PA, June 23 -26, 2003. 
 
The following biography by Henry Darcy was first published in : 
 

Brown, G. O., J. D. Garbrecht, and W. H. Hager (eds), 2003, Henry P. G. Darcy and 
Other Pioneers in Hydraulics: Contributions in Celebration of the 200th Birthday of 
Henry Philibert Gaspard Darcy, ASCE, Reston, VA, 320 pg., ISBN 0-7844-0683-9. 
http://biosystems.okstate.edu/Darcy/index.htm  

 
In addition to it, each conference delegate received a copy of the book “HENRY DARCY le 
bicentenaire 1803 – 2003” published by the city of Dijon, France. 
 
 

 
 

HENRY DARCY le bicentenaire 1803 –2003 - ISBN 2-915-128-12-X 
 
 

http://biosystems.okstate.edu/Darcy/index.htm


 

 
 
 
 



Henry Darcy:  Inspecteur général des ponts et chaussées 

Henry Darcy1 

Abstract 

Henry P. G. Darcy is known for his achievements in engineering and contributions to 
his birthplace of Dijon, France.  His descendant, Henry Darcy, the fifth person to 
carry the name, provides a family perceptive of his illustrious relative.  In addition to 
biographical material, each of the other Henry's is described.  Finally, excerpts from 
several letters from Darcy to Henry Bazin are used to show Darcy's modesty, humor 
and finesse.  The complete paper is presented in both French and an English 
translation. 

 
Figure 1.  Henry Darcy at Ecole Polytechnique, circa 1821. (P. Darcy, 1957) 

                                                 
1 Ingénieur civil des mines, Paris, France. 
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Introduction 
 
L'importance de l'oeuvre scientifique et 
technique laissée par l'ingénieur Henry 
Philibert Gaspard Darcy justifie l'intérêt, 
voire l'engouement, que sa personnalité 
suscite aujourd'hui dans la communauté 
scientifique mondiale.  Cet engouement 
se porte sur son oeuvre, bien sûr, mais 
également sur sa personnalité, sa vie et 
cette extraordinaire énergie qui lui 
permis en si peu de temps de faire autant 
de choses.  Le « Darcy Memorial 
Symposium on the History of 
Hydraulics » est un signe de cet intérêt. 

Les rédacteurs de ce volume ont 
souhaité qu'un témoignage familial soit 
apporté à ce séminaire.  Notre famille a 
été très honorée de cette demande et c'est 
bien volontiers que j'apporterai ma 
contribution qui sera modeste compte 
tenu de l'abondance des informations 
disponibles aujourd'hui grâce au réseau 
internet dont les sites consacrés à mon 
illustre parent sont nombreux et actifs.  
Je vous proposerai donc un rapide rappel 
biographique de ce que fut la vie de 
l'ingénieur Darcy et je tenterai d'analyser 
ses principaux traits de caractères d'après 
ce qu'en rapporte la tradition familiale. 
 
Héritage 
 
Henry Philibert Gaspard Darcy est né à 
Dijon, capitale historique de la 
Bourgogne, le 10 juin 1803.  Le nom de 
Darcy est ancien en Bourgogne 
puisqu'une lignée continue 
d'ecclésiastiques de haut rang le porte au 
XIII et XIV siècle en particulier dans la 
région d'Autun.  Cette famille semble 
avoir été ruinée et dispersée lors des 
guerres de religion du XVI siècle au 

Translation by Glenn O. Brown2 
Introduction 
 
The importance of the scientific and 
technical work left by the engineer Henry 
Darcy justifies the interest, even the 
passion, which his celebrity creates today 
in the world scientific community.  This 
passion is based on his work of course, 
but also on his personality, life and 
extraordinary energy, which permitted 
great accomplishments in a short time.  
The "Darcy Memorial Symposium on the 
History of Hydraulics" is a sign of this 
interest. 

The editors of this volume wished 
that our family's perspective be presented 
to the seminar, and we are greatly 
honored by this request.  Thus, it is well 
that I contribute my share today, which 
will be modest taking into account the 
abundance of information available on 
the Internet, where many sites are 
devoted to my famous ancestor.  Thus, I 
offer to you a small biographical note on 
the life of engineer Darcy.  In it, I will 
examine his principal qualities according 
to our family tradition. 
 
Heritage 
 
Henry Philibert Gaspard Darcy was born 
in Dijon, historic capital of Burgundy, on 
June 10, 1803.  Darcy is an old name in 
Burgundy.  In particular, a continuous 
lineage of high-ranking clergymen 
carried it in the XIII and XIV century in 
the Autun region.  The family appeared 
to be ruined and dispersed during the 
Wars of Religion in the XVI century.  At 
that time, the family made the choice to 
reform as attested by old portraits of 
Luther and Calvin still appearing in the 

                                                 
2 Professor, Biosystems and Agricultural Engineering, Oklahoma State University, 
Stillwater, OK 74078; gbrown@okstate.edu 
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cours desquelles elle fit le choix de la 
réforme comme en attestent d'anciens 
portraits de Luther et Calvin figurant 
encore dans le patrimoine familial au 
début du XIX siècle.  L'ancêtre avéré et 
direct d'Henry Darcy, est le capitaine 
Pierre d'Arcy, son quart aïeul, né en 1618 
et mort à Epinac en 1686.  La famille 
s'était installée à Dijon au début du XVIII 
siècle et c'est là que naît en 1776 Jacques 
Lazare Gaspard d'Arcy, père du futur 
ingénieur.  En 1794, c'est, en France, 
l'époque de la tourmente révolutionnaire.  
Lazare Gaspard s'enrôle dans le troisième 
bataillon des volontaires de la Cote d'Or; 
il participe aux combats historiques de 
Jemmapes et de Fleurus.  C'est un 
« soldat de l'an II ».  Comme l'écrivait un 
siècle plus tard son petit-fils,il 
appartenait à cette génération dont le 
rêve fut « La Révolution, la Grande 
Nation, la Grande Armée, la Liberté, la 
Dignité, la Félicité du genre humain par 
la France.»  Le 28 Mai 1802, Lazare 
Gaspard d'Arcy épouse Agathe 
Angélique Serdet ; ils auront deux 
enfants : Henry, l'ingénieur, et Hugues 
Iéna, le préfet, mon quart aïeul. 

Agathe Serdet était d'un milieu très 
modeste ; S'exprimant à propos de cette 
femme admirable qu'il avait bien connue 
puisqu'elle mourût en 1870 à 92 ans, mon 
trisaïeul, Henry II, son petit-fils, parvenu 
au soir d'une vie qui lui avait permis de 
côtoyer au Conseil d'Etat, dans la 
Préfectorale, et au sein du Patronat 
français tout ce que la France de l'époque 
comptait d'élites, n'en tirait aucune vanité 
et écrivait : 

« A-t-il jamais passé du sang noble 
ou quart de noble par nos veines, je n'en 
sais rien ; mais pour sûr, souvenez vous-
en mes enfants, il y a du sang de peuple, 
de ce bon peuple de France, de ce tout 
petit monde, point artiste ni compliqué, 
mais attaché en simplicité aux devoirs 

family inheritance at the beginning of the 
XIX century.  The direct ancestor of 
Henry Darcy was Captain Pierre d'Arcy, 
his grandfather fourth removed.  He was 
born in 1618 and died in Epinac in 1686.  
The family settled in Dijon by the 
beginning of the XVIII century, and it is 
there that Jacques Lazare Gaspard 
d'Arcy, father of the future engineer, was 
born in 1776.  In 1794 in France, 
revolution was stirring, and Lazare 
Gaspard enlisted in the Third Volunteer 
Battalion of the Cote d'Or.  He took part 
in the historical battles at Jemmapes and 
Fleurus, and was a "soldier of the second 
year" [of the revolution]. One century 
later, his grandson wrote that Lazare 
Gaspard's generation's dream was "the 
Revolution, the Grand Nation, the Grand 
Army, Freedom, Dignity, and the Bliss of 
mankind through France." On May 28th, 
1802, Lazare Gaspard d'Arcy married 
Agathe Angélique Serdet.  They had two 
children, Henry the engineer, and Hugues 
Iéna the prefect, my grandfather, fourth 
removed. 

Agathe Serdet had a very modest 
middle class background.  He wrote 
about this admirable woman that he had 
known even though she was born in the 
previous century, since she died in 1870 
at age 92.  My great-great-grandfather, 
the second Henry, her grandson reached 
the end of a life where he dealt with the 
Council of State in the Prefecture, and 
within the French Council of Employers 
and gained everything that France of the 
time considered elite, but despite all this 
he was not vain. 

"If ever passed noble blood or quarter 
of noble in our veins, I know nothing of 
it, but remember for certain my children, 
there is the blood of the good people of 
France.  Not complicated artists, but 
simple people of a very small world 
devoted to daily duties, yet none the less 
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quotidiens ; non sans une pointe d'idéal 
cependant qui, aux heures bénies, 
parfume les destinées nationales, race de 
labour, mais travaillant comme chante 
l'alouette, gardant sous le hâle du jour 
toutes les sensibilités du coeur, 
secourable autant qu'économe, et en 
toutes choses, au naturel et sans pompe, 
amassant sou à sou le trésor matériel et 
moral du pays, et comblant sans jamais 
désespérer, les trous faits par les coquins, 
les dilettantes ou les sots. » 

C'est à cette femme du « tout petit 
monde » qu'Henry et Hugues Iéna 
devront leur éducation et leur 
remarquable réussite.  « Cette mère fut 
une éducatrice admirable.  Elle était, elle 
est restée jusqu'à sa dernière heure 
débordante de tendresse vigilante, 
efficiente et désintéressée ; mais elle 
avait en même temps la volonté du but, le 
culte de l'effort et de la règle.  Ce but qui 
est que, débiteur de tout ce qu'on vaut, on 
doit rendre tout ce qu'on peut. »  Ces 
valeurs essentielles du travail, de l'effort 
et de la recherche du bien commun sont 
exactement celles que traduiront la vie et 
l'oeuvre de son fils Henry dont tous ses 
biographes ont souligné l'absence totale 
de recherche d'intérêt personnel, lui qui 
refusa toute rétribution particulière pour 
les services qu'il avait rendus, n'acceptant 
de la ville de Dijon que l'eau courante 
gratuite sa vie durant et une concession 
au cimetière municipal. 

Lorsque Henry naît, en 1803, la 
France est en pleine épopée 
Napoléonienne et nul doute que sa 
famille suive avec passion l'actualité de 
l'époque : mon quart-aieul, né en 1807, se 
voit attribué le prénom de « Hugues 
Iéna » pour fêter la victoire que 
l'empereur a remporté sur les prussiens 
l'année précédente.  Lazare Gaspard, 
étant fonctionnaire, on ne peut exclure 
totalement qu'un peu d'opportunisme 

with ideals.  Thus, at the proper time, 
they sense the national destiny and work 
hard but happily, keeping unto 
themselves all the sensitivities of the 
heart.  In all things they are like a 
treasurer.  With good nature and no 
conceit, they pile up penny upon penny, 
the material and moral treasure of the 
country.  They fill without despairing, 
the holes made by the rascals, the 
dilettantes and the foolish." 

It is to this woman of the "very small 
world" that Henry and Hugues Iéna will 
owe their education and their remarkable 
success.  "This mother was an admirable 
teacher.  She was and remained until her 
last hour, vigilant, efficient and unselfish 
in her tenderness.  However, at the same 
time she had the will to reach a goal, 
with drive and determination.  She was 
devoted to the belief that one owes all 
that she is worth, and one must return all 
one can."  These essential work ethics, 
duty and the pursuit of the common 
good, are exactly those that her son 
Henry would translate into his own life 
and work.  His biographers underlined 
the total absence of self-interested 
pursuits.  He refused all commissions for 
the services that he rendered, and 
accepted from Dijon only free water 
service during his life and a concession 
in the municipal cemetery. 

When Henry was born in 1803, 
France was in the Napoleonic era, and 
there is little doubt that his family 
passionately followed the popular 
movement of the time.  My direct 
ancestor, born in 1807, saw himself 
given the first name "Hugues Iéna" to 
celebrate the emperor's victory over the 
Prussians the previous year.  One cannot 
totally rule out that Lazare Gaspard, 
being a civil servant slipped a little 
political opportunism into the choice of 
the name.  Under these conditions, one 
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politique se soit glissé dans le choix de 
ce prénom et on peut s'étonner dans ces 
conditions que Henry, né en 1803, ne se 
soit pas appelé Henry Marengo en 
l'honneur de la campagne d'Italie au 
cours de laquelle son oncle Jean d'Arcy 
avait été tué. 

En 1817, Lazare Gaspard d'Arcy 
meurt en laissant une veuve et deux 
jeunes garçons dans une situation 
financière très précaire.  Henry n'a que 
quatorze ans mais il se comporte alors 
comme un adulte responsable.  Le soir de 
l'enterrement de son père, il prend à part 
son cadet Hugues Iéna, âgé de 10 ans, et 
lui dit « C'est notre père qui nous faisait 
vivre.  Je ne t'abandonnerai jamais.  Je 
serai le père.  Aide moi en travaillant 
comme je travaillerai pour que, le plus 
tôt possible, nous gagnions notre pain et 
celui de notre mère avec honneur. 
(Darcy, 1957) » 

Dès lors une exceptionnelle affection 
liera toute leur vie Agathe et ses deux 
fils.  Dans une lettre écrite en 1823, 
Henry écrit à sa mère : « ne fondons 
notre bonheur que sur notre triple 
amitié » Ils resteront unis tous les trois 
toute leur vie et formeront ensemble, 
comme l'écrit Henry, une véritable 
« trinité ». 

Ces deux enfants tinrent parole 
puisque le premier devint l'ingénieur que 
nous connaissons, et le second, mon 
quartaieul, devint un préfet important 
(Nîmes, Metz, Lyon) puis sous-secrétaire 
d'Etat à l'intérieur sous la seconde 
république (Forstenzer, 1981), avant de 
se reconvertir dans l'industrie en fondant 
la compagnie des forges de Châtillon et 
Commentry. 

Agathe d'Arcy, n'ayant pas les 
moyens de financer les études de ses fils 
demanda et obtint des bourses de la ville 
de Dijon et un prêt de son beau-frère, par 
ailleurs tuteur des deux enfants : en 

can wonder why Henry, who was born in 
1803, was not called Henry Marengo in 
honor of the region in Italy where his 
Uncle Jean d'Arcy had been killed. 

In 1817, Lazare Gaspard d'Arcy died 
and left his widow and two young boys 
in a very precarious financial situation.  
Henry was only fourteen years old, but 
he behaved like a responsible adult.  The 
evening of his father's burial, he took his 
10 year old sibling, Hugues Iéna, aside 
and said, "Our father supported us.  I will 
never give up on you.  I will be the 
father.  Help me by working as I will, so 
that as soon as possible, we can earn our 
bread and that of our mother with honor 
(Darcy, 1957)". 

Consequently, an exceptional 
affection bound Agathe and her two sons 
all their lives.  In an 1823 letter, Henry 
writes to his mother, "lets found our 
happiness only on our triple friendship."  
All three remained united throughout 
their lives, and formed, as Henry wrote a 
true "trinity". 

These two children kept their word, 
since the first became the engineer whom 
we know.  The second, my ancestor, 
became an important Prefect (Nimes, 
Metz and Lyon) and then Under-
Secretary of the Interior in the Second 
Republic (Forstenzer, 1981).  He then 
changed occupations and founded the 
Forging Company of Châtillon and 
Commentry. 

Agathe d'Arcy, not having the means 
to finance her sons' studies, asked for and 
obtained a scholarship from the city of 
Dijon and a loan from her brother-in-law, 
who was also a tutor for the two children.  
This republican brute advised the 
children to give up the particle and to 
transform d'Arcy into Darcy, which they 
did.  Since that time, our family has 
chosen to preserve this corrected 
orthography because it is in this form that 
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contre partie, celui-ci, républicain 
farouche, conseilla aux enfants 
d'abandonner la particule et de 
transformer d'Arcy en Darcy, ce qu'ils 
firent.  Notre famille a depuis lors choisi 
de conserver cette orthographe corrigée 
puisque c'est sous cette forme que notre 
nom a été illustré. 
 
Descendants 
 
De même le « y » du prénom Henry tel 
que le portait l'ingénieur s'est transmis de 
génération en génération et je suis moi-
même le 5ème Henry Darcy depuis 
l'ingénieur. 
 
La Lignée de Henry Darcy 
 
I:  Henry P. G. (1803-1858), l'ingénieur. 
 
II:  (1840-1926), mon trisaïeul était le 
fils de Hugues Iéna.  Il fit, comme son 
père, une carrière remarquable dans 
l'administration d'abord (préfet d'Epinal, 
d'Arras puis de Nice) puis dans l'industrie 
lourde (Charbonnages et Métallurgie) où 
il fonda et présida pendant quarante ans 
le Comité Central des Houillères de 
France (Isambert, 1965). 
 
III:  (1895-1916): Frère de mon grand-
père, est mort pour la France à 20 ans. 
 
IV:  (1930-1953), cousin germain de 
mon père était officier dans l'aéronavale 
et est mort en service commandé à 23ans. 
 
V:  (1954 - ), moi-même, mais revenons 
à l'ingénieur. 
 
La Vie de Henry Darcy 
 
En 1821, âgé de 18ans, il entre à l'école 
polytechnique qui était, et qui reste la 
plus prestigieuse des écoles d'ingénieurs 

our name was distinguished. 
In the same way, the Henry first name 

carried by the engineer has been 
transmitted from generation to 
generation.  I am the fifth Henry Darcy.  
[The later Henry's are not in a direct line 
and did not use middle names.  They are 
denoted here by II, III, etc.] 
 
The Henry Darcy Lineage 
 
I: Henry P. G. (1803-1858), the engineer. 
 
II: (1840-1926), My great-great-
grandfather was the son of Hugues Iéna.  
Like his father, he had a remarkable 
career in administration.  He was initially 
Prefect in Epinal, Arras and Nice.  He 
then moved into heavy industry, (coal 
and metallurgy) where he founded and 
chaired for 40 years the Central 
Committee of the Collieries of France 
(Isambert, 1965). 
 
III:  (1895-1916) brother of my 
grandfather, died for France at age 20. 
 
IV:  (1930-1953), the first cousin of my 
father was a Naval Aviator who died in 
service at age 23. 
 
V:  (1954 - ), myself, but let us return to 
the engineer. 
 
Henry Darcy's Life 
 
At age 18 in 1821, he entered the Ecole 
Polytechnique, which was and remains 
the most prestigious school of 
engineering in France (Figure 1).  In 
1823 he continued his education at the 
Ecole des Ponts et Chaussées (School of 
Bridges and Roads).  At that time, he was 
described as having. "fire in his piercing 
eyes, and a fascinating smile."  [The 
French is much more passionate.] 
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françaises (Figure 1).  En 1823 il 
complète sa formation à l'école des ponts 
et chaussées.  A cette époque, il est décrit 
comme ayant « des yeux roux qui 
lançaient des flammes, ou 
s'enveloppaient dans un nuage farouche, 
quand ils ne s'éclairaient pas du plus 
vif,du plus affectueux et du plus prenant 
des sourires ». 

En 1826 il rentre dans la vie 
professionnelle et, après un stage dans le 
Jura, est rapidement nommé à Dijon.  En 
1828, il épouse une anglaise de 
Guernesey, Henriette Carey, dont les 
parents habitent à Dijon, le bel hôtel 
Vogüe .  De ce mariage, semble-t-il 
parfois difficile, ne naîtra 
malheureusement aucun enfant. 

Puis viennent les trente années de vie 
professionnelles passionnantes et 
harassantes à la fois au cours desquelles 
Henry Darcy va littéralement brûler sa 
santé.  Cette carrière est jalonnée de 
réalisations techniques et de découvertes 
scientifiques majeures. 

 
Septembre 1840 : Alimentation en eau 
de la ville de Dijon qui devient, avec cent 
quarante bornes-fontaines réparties dans 
toute la ville, la ville d'Europe la mieux 
alimentée en eau après Rome, et bien 
avant Paris. 
 
Juillet 1845 : Adoption par la chambre 
des députés du projet de tracer Darcy 
pour la ligne de chemin de fer de Paris à 
Lyon via Dijon.  Ce tracé comporte le 
percement de tunnel de Blaisy (4,6 Km), 
ouvrage considérable pour l'époque. 
 
1850-1852 : Mission à Londres pour 
l'étude de l'emploi du Macadam pour le 
revêtement des chaussées en 
remplacement du pavage, et à Bruxelles 
pour y étudier le projet d'alimentation en 
eau de la ville. 

In 1826 he began his professional 
life, and after a training course in Jura, he 
was quickly posted to Dijon.  He married 
Henriette Carey in 1828, who was from 
the English island of Guernsey.  Her 
parents lived in Dijon, at the beautiful 
Vogüe Hotel.  It appears that the 
marriage was difficult, and unfortunately 
no children where produced. 

Then came the 30 years of 
professional service that was both 
enthralling and difficult, during which 
Henry Darcy literally ruined his health.  
The career was marked by technical 
achievements and major scientific 
discoveries. 

 
September 1840: Water supply of the 
city of Dijon is completed.  With 140 
public fountains, distributed throughout 
the city, it was the best water supply in 
Europe after Rome, but well before Paris. 
 
July 1845: Darcy's plan for the Paris to 
Lyon railroad alignment through Dijon 
was adopted by the House of Commons. 
His design included the 4.6 km tunnel at 
Blaisy, a remarkable work for the time. 
 
1850-1852: Mission to London to study 
the use of Macadamizing on roads [a 
graded stone foundation and pavement 
system]. He also traveled to Brussels to 
consult on the water supply of that city. 
 
1856: Publication of Les Fontaines 
Publiques de la ville de Dijon  [The 
Public Fountains of Dijon].  That 
publication contains "Darcy's law" for 
the permeability of porous media. 
 
1857: Publication of Recherches 
expérimentales relatives au mouvement 
de l'eau dans les tuyaux [Experimental 
research relating to the movement of 
water in pipes], which provided the 
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1856 : Publication de « Les Fontaines 
Publiques de la ville de Dijon » avec 
l'énoncé de la « loi de Darcy » relative à 
la perméabilité des milieux poreux. 
 
1857 : Publication de « Recherches 
expérimentales relatives au mouvement 
de l'eau dans les tuyaux ».  Equation de 
Darcy-Weisbach. 
 
2 Janvier 1858 : Henry Darcy meurt à 
Paris d'une pneumonie.  Sa dépouille est 
transférée à Dijon par la voie ferrée qu'il 
avait dessinée ; à la gare, la troupe rend 
les honneurs et il reçoit l'hommage de 
toute la ville.  Le lendemain, le conseil 
municipal de Dijon prend à l'unanimité la 
décision de donner son nom à l'actuelle 
Place Darcy qui marque l'entrée à Dijon 
des eaux de la source du Rosoir que 
Darcy avait canalisées. 
 
Lettres à Bazin 
 
L'ingénieur Darcy a entretenu une 
correspondance importante avec son 
jeune condisciple au Corps des Ponts et 
Chaussées, Henry Bazin ; ces lettres ne 
sont pas datées mais elles ont été 
numérotées de 1 à 25 par Bazin et sont 
très instructives quand au caractère de 
Darcy : elles sont empreintes de 
modestie, d'humour et de finesse. 
 
Lettre n1: « Et sur ce, je vous sers 
cordialement la main : On m'a écrit que 
vous aviez bu récemment à ma santé ; je 
crains que cette obligation ne vous soit 
longtemps encore imposée : mais le vin 
de Bourgogne est bon et je vous plains 
un peu moins de ce dévouement que de 
celui dont vous aurez besoin pour la 
lecture de ces épreuves. » 
Lettre n7: « Ce n'est pas dans un temps 
où l'on se joue si bien des principes, que 
je tiendrai, vous le pesez bien, à ma 

[experimental] basis for the Darcy-
Weisbach Equation. 
 
January 2, 1858: Henry Darcy died in 
Paris of pneumonia.  His body was 
returned to Dijon by the railway that he 
had designed.  An honor guard met the 
train at the station, and he received the 
homage of the entire city.  The following 
day, the Dijon municipal council 
unanimously decided to give his name to 
the current Place Darcy, which marks the 
entry terminal to Dijon of the Rosoir 
spring water that Darcy had developed. 
 
Letters to Bazin 
 
Engineer Darcy maintained a significant 
correspondence with his younger 
colleague from the Ponts et Chaussées, 
Henry Bazin.  These letters are not dated 
but were numbered from 1 to 25 by 
Bazin.  They are very instructive on 
Darcy's character, and are full of 
modesty, humor and finesse. 
 
Letter 1: "And on this, I extend my hand 
cordially to you.  It was written to me 
that you had toasted recently to my 
health.  I fear that this obligation will be 
imposed on you for a long time, but the 
wine of Burgundy is good and I feel a 
little less sorry for this devotion than the 
one you will need to read these proofs." 
 
Letter 7: "It is not in this time when 
people make light of the many principles, 
that I will hold on to it.  But, weigh well 
my small law: a = α + β/R [Darcy's 
relation for friction coefficient in cast-
iron pipe.], it is so simple and so 
convenient that I would like to see you 
make a final good effort in its favor " 
 
Letter 8: "Finally you found my 
ε = 0.00175, which is about what I found 
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petite loi : a = α + β/R  mais elle est si 
simple et si commode que je voudrais 
bien vous voir tenter un dernier effort en 
sa faveur. » 
 
Lettre n8: « Enfin vous retrouvez mon 
ε = 0.00175 ; c'est à peu près ce que j'ai 
rencontré dans les tuyaux, peut-être 
trouverons-nous quelques procédés pour 
arriver à la valeur exacte ! Mais j'avoue 
en ce qui concerne ε que la foi est 
difficile, l'espérance est difficile, nous 
réclamerons donc de nos lecteurs, s'ils 
sont chrétiens, la troisième vertu 
théologiale. » 
 
Lettre n15: « Je vous enverrai quand il 
les aura recopiées mes élucubrations sur 
la formule, 

εR²(dv/d2) = ri/2 
La raison de la chose m'échappe toujours, 
j'ai donc pris le parti d'affirmer qu'elle 
était vrai sur le blason de mon père.  J'en 
ferai une affaire personnelle, et je 
trouverai bien quelques Durandal pour 
soutenir ma conviction : dans le temps où 
ma pauvre santé florissait, j'avais fait un 
pèlerinage à Rocamadour pour 
contempler cette glorieuse épée du neveu 
de Charlemagne.  J'ai consacré, sans les 
regretter, 8 jours de ma tournée à la 
mémoire du gigantesque Roland : je 
préférerai cela à la lecture des livres de 
comptabilité et des livres de 
cantonniers. » 

Le dévouement sans limites de 
l'ingénieur Darcy au bien public s'est 
clairement traduit par le sacrifice de sa 
santé.  Il s'est, au sens propre, tué au 
travail.  En 1855, il ne demande à être 
mis à disponibilité pour des raisons de 
santé que pour mieux se consacrer à ses 
recherches scientifiques et à ses 
publications capitales de 1856 et 1857.  Il 
devait être déjà bien tard pour lui puisque 
la mort le prend dès Janvier 1858.  Là 

in pipes.  Perhaps we will find some way 
to arrive at the exact value!  However in 
this, I acknowledge that the faith is 
difficult and the hope is difficult. We will 
thus ask our readers, if they are Christian, 
the third theological virtue [charity]." 
 
Letter 15: "I will send you when it is 
copied my considerable discussion on the 
formula, 

εR²(dv/d2) = ri/2 
The justification of the thing [the 
formula] always escapes me.  I have thus 
decided to affirm on the coat of arms of 
my father that it is true.  I will make a 
personal quest of it, and I will find some 
Durandal [a famous sword's name] to 
support my conviction.  In the time when 
my poor health flowered, I made a 
pilgrimage to Rocamadour to 
contemplate this glorious sword of 
Charlemagne's nephew.  I devoted, 
without regretting them, eight days of my 
tour to the memory of the great Roland.  
I would prefer that to the reading of 
books on accountancy and road repair." 

The unlimited devotion of Darcy to 
the public well being clearly resulted in 
the sacrifice of his health.  He killed 
himself with work.  In 1855, due to heath 
reasons, he asked to be relieved of duties 
to better devote himself to his scientific 
research and his major publications of 
1856 and 1857.  It may have already 
been too late, since death took him in 
January 1858.  A Bazin letter illustrates 
his physical courage and brute energy. 
 
Letter 21: "Night before last, I had 
nervous pains [in his body] so cruel that I 
screamed for 8 or 10 hours like a man 
under torture.  Yesterday, the fatigue of 
the previous night gave me a violent 
migraine.  Today, I am calm, but weak.  
Thursday, I hope to come and see you." 
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encore, une lettre de Bazin illustre ce 
courage physique et cette énergie 
farouche. 

 
Lettre n21: « J'ai eu l'avant dernière nuit 
des douleurs nerveuses si cruelles que j'ai 
crié pendant 8 ou 10 heures comme un 
homme à la torture : hier la fatigue de la 
nuit précédente m'a donné une violente 
migraine.  Je suis calme aujourd'hui, 
mais faible.  Jeudi, j'espère aller vous 
trouver. » 
 
Remarques de Conclusion 
 
Le plus grand écrivain et poète français 
du 19ème siècle, Victor Hugo, né en 1802, 
était d'un an l'aîné de Henry Darcy.  Les 
deux hommes partageaient sans doute un 
certain nombre d'idées, ils avaient de 
surcroît une référence commune: l'île 
anglo-normande de Guernesey: Henry 
avait épousé Henriette Carey dont la 
famille était originaire de l'île, Victor 
Hugo y fut exilé de 1851 à 1870.  L'île 
est très petite et on peut rêver, rêver qu'à 
l'occasion d'une visite à son beau-frère 
qui y résidait, l'ingénieur et le poète se 
soient rencontrés et qu'ensemble ils aient 
marché le long de la grève et évoqués les 
grands sujets qui leur tenaient à coeur. 

« J'ai bien souvent et bien 
sombrement rêvé » écrit Darcy à Bazin 
« dans mes longs jours et mes longues 
nuits de souffrances à ces mystérieuses 
causes finales dont Dieu seul s'est réservé 
la clef, et malgré mon horreur du doute, 
j'en suis réduit à douter encore. » 
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MULTI-SCALE MODELING  

IN LIQUID COMPOSITE MOLDING 
 

Suresh G. Advani, Nina Barnett, FuPing Zhou and Pavel Simacek 
 
Department of Mechanical Engineering and Center for Composite Materials 
University of Delaware, Newark, DE 19711 
 
 
ABSTRACT: 
 
In Liquid Composite Molding (LCM), fibrous preform is placed within a mold and injected 
with liquid resin. Once the preform is saturated, the resin cures and the finished component is 
de-molded. There are many variations of the process, most important being Resin Transfer 
Molding (RTM) in which the two-sided mold is rigid and resin is injected under positive 
pressure. Second widely used variation is the Vacuum Assisted Resin Transfer Molding 
(VARTM) in which the mold is one sided, preform is covered with a flexible bag and vacuum 
is drawn. The resin is drawn  into the preform due to the pressure gradient. In this case, highly 
permeable distribution media is placed on one face of the perform to speed the injection.  In 
all these processes, it is imperative that the preform is sufficiently saturated during the resin 
injection. Otherwise, the resulting part will contain inadmissible void content. To ensure 
successful filling, numerical analysis of the flow process has been widely applied. 
 
The complication arises from the internal structure of textile reinforcement generally used in 
LCM. Preforms usually consist of woven or braided fiber tows. Under this “macrostructure” 
there is the underlying “microstructure” of fiber tows, consisting of aligned fibers. On both 
levels of its structure the reinforcement acts as porous medium. As the scale of the pores 
between the fiber tows (macro-pores) is several orders of magnitude larger than that of pores 
within the fiber tows (micro-pores) it creates a dual scale porous medium. The result of dual-
scale structure is that the resin flow progresses at different rates within the macro- and micro-
pores. The flow-front advances through the macro-pores but micro-pores remain unsaturated 
in the region behind this “macro” or “unsaturated” flow-front up to the “saturated” flowfront.   
 
Usual numerical modeling of the flow cannot capture this effect as it utilizes the concept of 
homogenous porous media and, therefore, a single flow-front. Depending on the structure of 
the reinforcement, this approach might prove sufficient, but it cannot capture some effects 
observed experimentally, and, most importantly, predict the fiber tow saturation whenever 
there is a significant lag between the saturated and unsaturated flow-fronts.  
 
The dual scale flow can be modeled by using Darcy’s law to describe flow through porous 
medium and mass conservation for the flow within the larger pores and representing the 
smaller pores can be included within these equations as a sink term. Alternatively, in this 
paper, we present the standard finite element/control volume approach and model the 
“internal” sink term by appending extra one-dimensional elements to control volumes 
associated with the control volumes of discretized part geometry to represent the resin sink. 
This approach allows one to solve the problem efficiently using existing simulation package 
for RTM filling simulation. 
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To model the single scale flow through porous medium one requires only limited description 
of the porous medium: its porosity and its permeability. The mutil scale model is more 
accurate, but it requires additional material parameters to characterize not just the “macro” 
properties but also the effective “micro” properties of the fiber tows. In this paper, we analyze 
the material properties necessary to characterize the dual-scale flow and we present the 
approach to determine these values from simple 1-D, constant flow-rate injection experiment 
and show examples of experimental characterization. 
 
The dual-scale model can be used to provide more accurate information about the resin flow 
in macro-pores, but most importantly it allows one to predict the degree of saturation of 
micro-pores within fiber tows. For example, this allows one to determine the necessary 
“bleeding” time after the macro-flow reaches the vent to saturate the fiber tows. In this paper 
we present optimization of the bleeding time and application of flow resistance at the vent 
location to achieve satisfactory fiber tow saturation and compare the numerical results with 
the experimental data. Finally, we demonstrate how to model the saturation of fiber tows in 
VARTM process with distribution media, where the resin flow from collapsing distribution 
media continues to saturate fiber tows even after the injection is terminated. 
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COMPOSITE MATERIAL PARTS  

IN RENAULT CARS : 

THE PAST, THE PRESENT AND THE FUTURE 
 
 

Alain Giocosa – Renault 
General Manager of Polymers Engineering Department 

Material Engineering Department 
 
 

 
In this presentation, I would like to present some applications for composite materials 
(thermoplastic and thermoset) in Renault cars, especially for large series vehicles. 
 
My proposed outline is as follows: 
 
• First of all, I would like to make some comments on customer perception, based on an 

ESTEL survey conducted of 400 new-car buyers and to give an overview of composite 
materials used in Renault cars. 
 

• Then, I would like to spend some time explaining why composite materials have been 
used and where these materials have been used : that is to say the past situation since 
over 30 years. 
 

• Next, I will give several examples of what Renault is using nowadays : the present and 
current uses and developments going on. 
 

• Lastly, I will try to explain what will be the future of composite materials and what we 
need to increase new applications. 
 
- Customer perception : During the ESTEL survey 4 main questions were asked to 
customers : 

1. “What score, on a scale of 1 to 10, would you give to plastics for different 
characteristics ?”    (safety, reliability, corrosion …). 

2.  The same question for the same characteristics, but comparing steel, aluminum 
and plastic. 

3.  “Did exterior materials influence your choice of model ?” 
4.  “In the future, which materials do you think will be increasingly used for car 

exteriors ?” 
 

The answers show that the customer perception of different materials is quite 
reasonable, that materials are not the decisive factor to choose one car among another 
and that plastic is overwhelmingly seen as the material of the future, aluminum and 
especially steel are left far behind. 
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- Overview of composite materials in Renault cars : a breakdown of the different 

materials used in a car will give an idea of the weight ratio of ferrous, non ferrous, 
mineral and organic materials used in an average car. 
 

- Why composite materials have been used since 30 years ? 
The main reasons are : weight saving to reduce gas emissions and fuel consumption, 
safety, cost reduction and customer’s needs. 
 

- Where composite materials have been used since 30 years ? 
Some examples of applications since 30 years will be described. 
 

- The present and current uses and developments going on. 
A breakdown will show the main functions where composite materials are used today 
in a car and some examples will be outlined and explained. 
The current developments in composite materials will be discussed, especially the 
trend to go from current semi structural applications to structural applications : we 
need new composite materials, new composite manufacturing technologies and new 
composite design developments. An example of the development of a “high speed” 
RTM process will be given through the TECABS project. 
 

- The future of composite materials : to increase the use of composite materials the 
part manufacturers will have to increase part quality, to have a better knowledge on 
composite material behavior, to improve manufacturing processes and to develop 
accurate calculation tools. On the other hand car manufacturers will have to work on 
how to introduce composite parts in the manufacturing car process and to develop 
joining technologies compatible with multi-material cars. 
Both we will have to work on recycling and waste management solutions. 

 
 
 
In the conclusion, I will outline that the use of composite materials has increased by 200 % 
over 30 years, a strong potential still exists for structural parts but metallic materials, 
aluminum and magnesium, are severe competitors and that we have to overcome two main 
drawbacks of composite parts : recycling and cost. 
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Summary

• Custumer perception of materials

• Overview of composite materials in Renault cars

• Why composite materials have been used since 30 years ?

• Where and how composite materials have been used since 30 years ?

• Main functions where composite materials are used today

• Current developments going on

• The future of composite materials : how to increase their use ?

• Conclusion
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Which mark would you give to steel, Which mark would you give to steel, aluminiumaluminium, plastics related to …?, plastics related to …?

8,58,5

88

7,57,5

77

6,56,5

66

5,55,5

55

4,54,5

GoodGood

BadBad

Sa
fe

ty
Sa

f e
ty

r e
si

st
an

ce
r e

si
st

an
ce

R
el

ia
bi

li t
y

R
el

ia
bi

li t
y

C
or

r o
si

on
C

or
r o

si
on

A
f te

r  s
al

es
A

f te
r  s

al
es

co
st

s
co

st
s

A
ge

i n
g

A
ge

i n
g

R
ec

yc
l in

g
R

ec
yc

l in
g

A
es

t h
et

i c
A

es
t h

et
i c

as
pe

ct
s

as
pe

ct
s

Te
ch

no
l o

gi
ca

l ly
Te

ch
no

l o
gi

ca
l ly

A
dv

an
ce

A
dv

an
ce

N
oi

se
N

oi
se

r e
du

ct
i o

n
r e

du
ct

i o
n

Fi
ni

sh
i n

g
Fi

ni
sh

i n
g

qu
al

it y
qu

al
it y

AluminiumAluminium

SteelSteel

PlasticsPlastics

CUSTOMER PERCEPTION OF MATERIALSCUSTOMER PERCEPTION OF MATERIALS

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006

8



3

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 5

DID EXTERIOR MATERIALS INFLUENCE YOUR CHOICE OF MODEL ?DID EXTERIOR MATERIALS INFLUENCE YOUR CHOICE OF MODEL ?
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IN THE FUTURE, WHICH MATERIALS DO YOU THINK WILL BE INCREASINGLYIN THE FUTURE, WHICH MATERIALS DO YOU THINK WILL BE INCREASINGLY USED FOR CAR USED FOR CAR 
EXTERIORS ?EXTERIORS ?
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Overview of composite materials in Renault cars

Ferrous materials

Non ferrous materials

Mineral materials

Organic materials

Weight ratio of materials in a 
car

Weight ratio of organic 
materials in a car

Elastomers
Tires 
Sealers

Plastics
Thermosets &
Thermoplastics

Others
Paint
Adhesives
Sealers
Fluids
Carpets
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Why composite materials have been used since 30 years ?

Reduction of gaz emissions - Fuel consumption

– Reduction of CO2 emissions (CAFE)

Contribution to the reduction of vehicle consumption

Gain of composite materials =  Reduction of vehicle weight
100kg saved = Decrease of 0.4 l/100km (stabilized speed)

Source ACEA
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Vehicle safety

– No damage at low speed crash (4km/h)

– New regulation concerning pedestrian impact
Low  pedestrian damage during crash

– Low  repairing costs

Why composite materials have been used since 30 years ?

Removable crash area

Eabs

Fmax

D(mm)

Fave.

Total disp.

Energy absorption curve of a 
SMC/BMC Material 

F(kN)

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 10

Cost Reductions

– Increase of version number per vehicle model

New Renault Megane : 5 different rear floor pans for  7  models

Reduction of the production volumes per model

– Low tooling cost ( for low to medium production volumes )

– Simplification of manufacturing processes
No machining processes
Multifunctionnal parts

Why composite materials have been used since 30 years ?

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Customer’s needs

– Low cost in use

– Safety, Comfort, Reliability
Increase of constructor warranty (2 years --> 12 years)
Fatigue properties increased with composite materials

– Image and new services

Vel Satis tailgate Renault Kangoo : under roof boxes

Why composite materials have been used since 30 years ?

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 12

MOSAIC Project 1994

Aluminum space frame
Extrusion and cast node
Composites Integrated panels
Riveting + Adhesive bonding

Weight saving 20%
Overcost 20-40%

Where and how composite materials have been used since 30 years ?

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Where and how composite materials have been used since 30 years ?

R15, bumperR5, bumpers & 
trims

R14, bumpers

Fuego, bumper R25, bumpers & trims

SMC bumpers evolution
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Where and how composite materials have been used since 30 years ?

Espace 2

Avantime

Espace 3 (except bonnet)

Alpine A610

SMC body panels painted at low temperature

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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1983 - SMC body panels
Painted at low temperature 

Espace

2000 - SMC tail gate
Painted off line

Laguna 2
2001 - SMC fenders

Painted on line  

VelSatis

1972 - Bumpers & trim
unpainted part

R5

SMC/BMC components evolution

Where and how composite materials have been used since 30 years ?
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Where and how composite materials have been used since 30 years ?

Trafic rear spring leaf :
- Weight saving : from 15 to 20 kg,
- Same cost / double steel spring leafs
- pre-preg epoxy glass LF (50/50 vol).

New transversal front suspension :
- epoxy – glass fabric,
- “High speed”   RTM.

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Today’s distribution of composite materials in a car

• Interior accessories 50%

• External accessories 20%

• Under hood applications 15%

• External body panels 10 - 15%

• Structural applications 0 - 5%

Main functions where composite materials are used today

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 18

Composite materials for interior applications

Dash board structure
TP + fillers or GF

Clutch pedal
PA +GF Roof panel

PP + Nat. 
Fib. or GF

Door panel
TP + Wood

Main functions where composite materials are used today

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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SMC fenders
Medium production volume cars

ThermoPlastic fenders
High production volume cars

Main functions where composite materials are used today

Composite materials for exterior applications : SMC and TP fenders

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 20

Main functions where composite materials are used today

Thermoplastic fenders across the range

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Composite materials for exterior applications : SMC / BMC tailgates

Megane cc

Main functions where composite materials are used today

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 22

Main functions where composite materials are used today

Composite materials for exterior applications : Scénic RX4 hybrid tailgate

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Main functions where composite materials are used today

• Skin panel painted Polypropylene (same as 
bumper)

• Inner panel GF reinforced PP – grained and
bulk colored

• Additional element  PP – grained and bulk
colored (same as interior panels).

Composite materials for exterior applications : Modus split tailgate

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 24

Composite materials for under the hood parts

Air filter
PA+GF

Under engine protection
PP + GF Intake manifold

PA + GF
Cost reduction : 30%

Weight reduction : 30%

Main functions where composite materials are used today

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Composite materials for structural parts

Main functions where composite materials are used today

Technical front end  (Mégane 2)
PA+GF

+ Steel structure

Rear floor pan (Mégane 2)
Low density SMC 

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 26

Main functions where composite materials are used today

BC84
Rear overhang : 742mm

J84
Rear overhang : 723mm

R84
Rear overhang : 906mm

Steel reinforced
B84 LPG

ELK84
Rear overhang : 970 to 
991mm

Rear floor pan modularity (Mégane 2)

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Current developments going on
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Current developments going on
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New composite materials : Targets

– Costs effective parts

– Improvement of composite part properties 

– Introduction of composite parts in the car manufacturing process

E coat curing
175°C / 195°C

Paint curing
160°C

On line In line Off line

Current developments going on
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New composite materials : Some examples

– Composite materials reinforced with nano fillers
Introduction of mineral nano fillers or carbon nano tubes in TP matrix

Semi structural applications (body panels, under the hood parts)

– Composite materials reinforced with natural fibers
Introduction of natural fibres (Hemp, flax ...) in TP and thermoset matrix

Semi structural applications (Interior applications)

– Composite materials reinforced with carbon fibers
Introduction of short carbon fibres, or carbon fibre fabrics

Structural parts (floor pans, cross beams, Body In White parts …)
Semi structural parts (openings)

Current developments going on

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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Current developments going on
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New composite manufacturing technologies : Targets 

– Cost effective process
Integration of functions
Waste reduction

– Production of structural composite parts
Use of long fibre reinforcements and fabrics

– At least medium production volumes (100 - 700 parts / day)

– Production of high quality composite parts

Current developments going on

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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New composite manufacturing technologies : Research area

– Manufacturing process
New manufacturing tools
Improvement of process parameters

– Process calculation tools
Selection of the best manufacturing strategy
Reduction of development duration
Reduction of prototyping step

– Improvement of material processability
Resin reactivity
Fabric drapability

Current developments going on

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 34

New composite manufacturing technologies : Development of a «High 
Speed» RTM process

– High fibre ratio (up to 50%)

– Use of carbon fibre reinforcements

– Complex shape : part with hollow cores

– Improvement of injection step

– Improvement of resin curing

– Production time < 10 min

Current developments going on

Part developed in the 
TECABS project

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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New composite manufacturing technologies : Process calculation 
tools

– Material behavior description
Definition of local material properties

– Strong impact of part structure
Geometrical singularities
Structural singularities (sandwich structures ...)

– Influence of  material properties evolutions
Viscosity,
Fibres / matrix segregation (SMC)

From  TECABS project

Current developments going on

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 36
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– Lightweight innovative composite parts

– Increase performance part versus metallic solution

– Improvement of calculation tools for designing composite parts

Current developments going on

New composite design developments : Targets

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 38

Tailgate with carbon fibre reinforced materials

Structural rear floor pan

 Weight saving (%) 
Steel version Ref 
SMC reinforced GF version 15% 
SMC reinforced CF version 25% 

 

 

 Weight saving (%) Cost  
Steel version Ref 1 
Metal / composite version 15% 1 
Composite reinforced GF version 38% 1.2 
Composite reinforced CF version 47% 2.2 

 

Current developments going on

New composite design developments :

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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– Virtual validation of composite part behavior
Static behavior
Dynamic behavior

Ex : Composite LPG tank

Burst testImpact at 50km/h  on an edge simulation

Current developments going on

New composite design developments : calculation 
tools
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The future of composite materials
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The future of composite materials

• Improvement of part quality
Improvement of surface aspect for body panels applications 

(SMC parts)

• Better knowledge on composite material behavior
Dynamic behavior
Durability

• Manufacturing processes
Reliable manufacturing process
Good part quality

• Accurate calculation tools
Overall trend : increase of virtual prototypes

How to increase the use of composite materials ?

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 42

• Introduction of composite part in the manufacturing car process
No influence on the manufacturing car process 

• Development of multi-material joining
Strong joining for structural applications
Removable assembling techniques (After Market ...)

• Reduction of material costs
Case of High Tow Carbon Fibres

Today : 12 - 17 Euros / kg
Future : 8 - 10 Euros / kg ??

How to increase the use of composite materials ?

The future of composite materials

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
Douai, FRANCE - 11 - 13 July 2006
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• Recycling Aspects

– End of Life Vehicle (ELV) European directive for 2015

• 95% of the vehicle by weight should be re-used or recovered
• 5% of vehicle by weight could go to landfill
• 10% of vehicle by weight could be incinerated

– Development of recycling and waste management solutions
Cost effective recycled materials
Cost effective waste treatments 

The future of composite materials
How to increase the use of composite materials ?

DREAM – DIMat – A. GIOCOSA – 11/13 Juillet 2006 P / 44

Conclusion

• The use of composite materials has increased by 200% over 30 years.

• A strong potential still exists for structural parts but the introduction of 
composite materials is difficult.

• The introduction of composite materials in a new vehicle project is long : 
complete development needs 10 years.

• Steel, Aluminum, Magnesium, are severe competitors of composites. 

• The choice of a car manufacturer takes into account the part requirements 
and costs and NOT the material.

The 8th International Conference on Flow Processes in Composite Materials (FPCM8)
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ABSTRACT: A meshfree particle method is used to simulate resin flow through a 
complex network of fibers. Flows are modeled by the incompressible Navier-Stokes 
equations. The particle projection method is used to solve the Navier-Stokes equations. 
The spatial derivatives are approximated by the weighted least squares method (WLS). 
One application is presented regarding the application of the method to numerical 
permeability prediction, related to LCM processes. 
 
 
KEYWORDS: Mesh-free method, incompressible Navier-Stokes equations, least 
squares (LSQ) approximation, LCM, permeability prediction 
 
 

INTRODUCTION 
 
Meshfree techniques 
 
In this paper we present a mesh-free method called FPM (Finite Point Method) for 
simulations of resin transfer moulding through a complex network of fibers. This 
method was developed by Dr Jorg Kuhnert at ITWM in Germany. A fluid domain is 
first replaced by a discrete number of points, which are referred to as particles. Each 
particle carries all fluid information, like density, velocity, temperature etc. and moves 
with fluid velocity. Therefore, particles themselves can be considered as geometrical 
grids of the fluid domain. This method has some advantages over grid based techniques, 
for example, it can handle fluid domains, which change naturally, whereas grid based 
techniques require additional computational effort. Or they are able to simulate the flow 
in very complicated domains, which would be impossible or difficult to mesh. 
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A classical grid free Lagrangian method is Smoothed Particle Hydrodynamics (SPH), 
which was originally introduced to solve problems in astrophysics (Lucy 1977, Gingold 
et al. 1977). It has since been extended to simulate the compressible Euler equations in 
fluid dynamics and applied to a wide range of problems, see (Monaghan 92, Monaghan 
et al. 1983, Morris et al. 1997). The method has also been extended to simulate inviscid 
incompressible free surface flows (Monaghan 94). The implementation of the boundary 
conditions is the main problem of the SPH method. 
Another approach for solving fluid dynamic equations in a grid free framework is the 
moving least squares or least squares method (Belytschko et al. 1996, Dilts 1996, 
Kuhnert 99, Kuhnert 2000, Tiwari et al. 2001 and 2000) which derived in the Finite 
Pointset Method (FPM). With this approach boundary conditions can be implemented in 
a natural way just by placing the particles on boundaries and prescribing boundary 
conditions on them (Kuhnert 99). The robustness of this method is shown by the 
simulation results in the field of airbag deployment in car industry. Here, the membrane 
(or boundary) of the airbag changes very rapidly in time and takes a quite complicated 
shape (Kuhnert et al. 2000). 
 
FPM fluid code 
 
FPM is a meshfree CFD finite difference code, mainly designed to overcome several 
drawbacks of classical CFD methods (Finite Element Method (FEM) , Finite Volume 
Method (FVM)). The main drawback of the classical methods (FEM,FVM) is the 
relatively expansive geometrical mesh-grid required to carry out all numerical 
computations. The computational cost to establish and maintain these grids becomes 
more dominant as the considered geometry becomes complex or moves in time. For 
several applications, the effort for grid maintenance is beyond acceptance, the 
computations take too long or fail completely. Thus, FPM opens up new fields of 
application in computational structural and fluid mechanics, or makes the handling of 
several problems much more easy. 
 
General Equations 
 
FPM is a mesh-free thermal CFD code for incompressible and compressible flows. FPM 
includes newtonian viscosity, natural convection, heat conduction, heat exchange at the 
boundaries. 
FPM  solves the general Navier Stokes equation as written below in a Lagrange form : 
 
 0ρρdt

d =∇⋅+ v
( ) ( ) pvρv   ρρd  gSv −∇+∇⋅ ⋅=∇dt +

( ) ( ) ( ) ( ) ( ) ( )Tk ρpρEρE T∇⋅∇+⋅⋅=⋅∇−⋅∇+∇⋅+ vgvSvv

                        (1) 

dt 
d 

 
v : fluid velocity 
ρ : density 
p : pressure 
S : deviatoric stresses 
g : gravity 
T : temperature 
E : specific total energy per unit mass 
 
For incompressible flows, these equations can be simplified as follows : 
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Moving Least Square (MLS) approximation 
 
FPM does not require the support of a mesh and therefore values are known at discrete 
“interpolation” points, which do not have a fixed connection like finite elements 
between them. The list of neighbor points is determined for each point at each time step 
in order to construct afterwards a proper interpolation function as described in Fig.1. 
For this purpose, a smooth interpolation of the discrete function values is constructed 
using polynomial functions, best fitted to the discrete values using a moving least 
square method (Fig.2). 
 

Fig. 1: Smoothing length 

radius h

Point  "i"

 
 

 

= Point position

= Function value 

x(i)

f(i) 

 
Fig. 2 : Moving least square method : f(i) stands for the value of point I of the function 

to be interpolated : pressure, density, velocities, temperature. 
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The interpolation function that is constructed is based upon the Moving Least Square 
(MLS) approximation. The idea is to find the local polynomial which minimizes the 
distance between the values at the discrete points and the approximated values on the 
function. This is done using a least square fit method as follows: 
 

( ) ( )( ) min  xx,pxx
!

,1

2
ii =−⋅−∑

= Ni
difW                                                  (3) 

 
where d is the degree of the polynom, d>=2 for Navier-Stokes as second order 
derivatives are required. 
 
The weight function W(x-xi) decreases with respect to the distance between the location 
x of the central point and the neighbor points xi, so that points which are far away from 
the central point will have less influence than points which are closer. The domain of 
interpolation is limited by a sphere of radius h, called the smoothing length, so that 
points which have a distance greater than h will have no interaction. 
The interpolation function can afterwards be derived. For Navier Stokes incompressible 
cases, second order derivatives have to be computed. In order to maintain an even 
distribution, points are generated or removed automatically during the simulation. 
 
 

APPLICATION TO NUMERICAL PERMEABILITY PREDICTION  
 

In order to perform accurate LCM filling simulations, physical parameters such as 
fabric permeability are needed. It is well known that the experimental measurement of 
that fabric property is very delicate.  

Usually a fluid is injected at constant pressure (or constant flow rate) through 
several layers of fabric of cross section A and length L. Then pressure loss ∆p and flow 
rate Q are measured, and the permeability K is calculated using Darcy’s law: 

 

pA
QLK
∆
µ

=                                                                               (4) 

 
The simulation of flow through a periodic cell should provide a reliable solution and 
avoid that experimental procedure. Numerically, an injection at constant flow rate could 
be performed. Then the pressure loss can be computed by the FPM code and the 
permeability is also given by Eqn. 4. Fig.3 shows the fabric cell considered here for 
benchmark purpose (Belov et al, 2004). It is bounded by a box in contact with yarns that 
defines the computational domain. Shell elements surrounding the fiber tows prevent 
the particles from escaping the domain with proper contact. Also particles are not 
allowed to penetrate the tows. Finally the tows are considered to be rigid and fixed in 
space. The porosity of such a domain is 0.36.  
Starting from an initially unfilled cavity, the domain is automatically filled by particles. 
The inflow velocity is constant and equal to 0.01 m/s. The fluid viscosity is constant 
and equal to 0.01 Pa.s. The computed pressure loss is ∆P= 417,6 Pa giving a saturated 

permeability of 2.28 ×10-10 m2. Computations last around 20 minutes with a state of 
the art PC. 
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According to Belov et al., the saturated permeability of a single layer of such fiber 

reinforcement is in between 2.6 ×10-10 m2 and 3.5 ×10-10 m2 using the Lattice 

Boltzmann Method (LBM). Measurements provided values between 1.34 ×10-10 m2 

and 1.49 ×10-10 m2.  
The FPM code provides results in good agreement with experimental data. 
 

 
Fig. 4 : Fabric unit cell and domain used for the calculations 

 

 
Fig.5 : Computed flow patterns and pressure field (blue spots are contact zones not 

wetted by the fluid) 
 
 

CONCLUSION 
 
FPM solves for compressible and incompressible flow problems and can be coupled to 
structural FE codes. An important feature regarding polymer composites manufacturing 
science is that chemical reactions, heat transfer, temperature dependent viscosity can be 
handled. To illustrate the potential of the code, the case of numerical permeability 
prediction of a fabric unit cell has been presented and compared with existing 
experimental data. The FPM code provides results in good agreement with experiments. 
Current work focuses on flow-induced fiber deformation.  
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ABSTRACT: The ability to precisely predict the permeability of woven fabrics is 
compulsory to simulate the RTM processes without having to realize time consuming 
experiments for each new fabric. Channel network models are generally not working very 
well with laminates of woven fabrics because of the nesting between the plies that creates a 
highly complex network. Thus, 3D meshes of woven fabric unit cells are realized via a 
defined number of steps to resolve Stokes and Brinkman equations on a periodical elementary 
cell using a 3D FE code. Shearing and compression are the most important deformation 
modes and the determination of their respective influence on the permeability tensors is of 
prime importance. Therefore, a comparison between WiseTex and Hivet’s models of sheared 
and copressed fabrics is presented. Finally, the representativeness of the elementary volume is 
discussed in the case of an idealised UD fabric. 
 
KEYWORDS: permeability, woven fabrics, geometrical models, sheared fabric, 3D meshes, 
finite elements, elementary representative cell 
 
 

INTRODUCTION 
 
Out of the many processes that can be used to form composite parts, Resin Transfer 
Moulding is one that allows producing high mechanical performances, high fibre volume 
fraction as well as complex shape parts. In the field of Liquid Composite Moulding, the 
Darcy law is extensively used to describe the resin flux at the macroscopic scale through the 
preform by relating the local mean velocity to the pressure drop and the permeability Tensor, 
while tracking the free front versus time during the injection process [1]. The key concept 
here is the permeability [2], which links the microstructure of the reinforcement to the way 
the polymer resin flows through it. This parameter can be either measured experimentally 
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[3][4][5], predicted by numerical [6][7] or analytical [8][9][10]  models. The first solution is 
certainly the best in term of quality of the results (when properly done) but suffers from time 
consuming affliction when the second is generally still not sufficiently accurate to avoid any 
experimental validation. Additionally, the numerical predictions need an extensive 
preliminary work on the geometry of the fabric [11] and possibly the construction of a 3D 
mesh [12] of the unit cell which can also be quite time consuming. The main goal of this 
study is to detail the specific problems related to the prediction of “wet” or “steady state” 
permeability of woven/braided fabrics. Indeed, the complex architecture and especially the 
crimp of the yarns create a particularly complex channel network at the interfaces between 
plies where nesting occurs. Furthermore, as these classes of fabrics can generally experience 
high geometrical deformations [13] (shearing especially but also compression), mesoscopic 
simulations of fabric deformation have to be realised in order to evaluate their respective 
influences on the permeability. Finally, a limited comparison between Hivet’s [14] and 
WiseTex [15] modellers in the case of sheared, compressed and un-deformed fabric will be 
presented. 
 
 

PERMEABILITY MODELS 
 
Since 1856 and Darcy’s founding article, a lot work has been done in the field of permeability. 
In particular, the Kozeny-Carman (K-C) formula gives a general relation for the permeability 
of porous media as function of the geometry (granular, cylindrical,… media) as well as the 
porosity. Later on, several researchers have proposed adaptation for the K-C equation to take 
into account the generally non-isotropic non-homogeneous nature of fibrous reinforcements. 
Recently, some authors have developed analytical or semi analytical models that allow the 
prediction of permeability in the case of woven and non-crimp fabrics.  
 
Validity of the Channel Network Model for multi-plies laminates 
 
However, excepted for non-crimp fabrics where the identification of the channel network is 
somehow “easier” (principally because there is no or little nesting between the plies), the 
models above-mentioned are generally limited to either mono-ply consideration or simplified 
geometries (the woven fabric is assumed to behave like a lay-up of several layers of UD for 
example). The figure bellows illustrates a simplified model of a plain weave fabric with 
rectangular yarns and its complementary volume which is used to determine the channel 
network ChN. 
 

    
 

Fig. 1  Rectangular model of a plain weave fabric and its complementary volume 
 
 
Then, to predict the permeability of this network within the periodic homogenization 
framework, the well known analogy between electricity and Poiseuil flow at low Reynolds 
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number in ducts is used together with the Kirchoff law ( Gi = 0
i=1

n

∑  with Gi the hydraulic 

conductance of the ducts intersecting at the considered node) at the intersection nodes. The 
same procedure can be used in the case of multi-plies, as there is no nesting when using 
rectangular yarns and high fiber Vf (cf Fig. 2 bellows). 
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Fig. 2  Rectangular model for two plies and its associated ChN 
 
Moreover, the permeability obtained with the ChN model is almost the same (<4% of 
difference) as the one obtained via 3D FE resolution of stokes equations in the geometry of 
the figure 2. In fact, the real difficulty comes when one tries to identify the ChN of a multi-
plies of woven fabric modeled with non-rectangular yarns. The figures bellows represents the 
complementary volumes of a twill 2x2 for one and three plies. 
 

    
 

Fig. 3  Complementary volumes of a twill 2x2 (one quarter of the cell is represented) 
 
In the case of a unique ply, the identification of the ChN is again quite straightforward, but 
the multi-plies case with random nesting (the unit cells of the stacked plies are randomly 
shifted from one to another) creates a highly complex ChN that can not (or only partially) be 
analytically defined as function of all the geometrical parameters. Finally, the table 1 bellow 
represents the permeability of a plain weave fabric as function of the yarns’ geometrical 
section. 

41



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

Table 1  Influence of the yarn’s geometrical section on the permeability 
 

 Number 
of plies 

Lenticular 
Section 

Elliptical 
Section 

Rectangular 
Section 

Kxx(x10-11m2) 1 11,84 11,71 1,16 
Kxx(x10-11m2) 2 16,63 15,93 1,19 

 
With an experimental result close to 10.10-11, we clearly see that the rectangular geometry is 
too far away from the right result and thus a ChN description which would be based on it can 
not (at least not always) be used to predict the permeability of woven fabrics. Therefore, and 
especially when dealing with nested multi-plies, 3D accurate geometries have to be used 
together with an appropriate solver for Brinkman-Stokes equations. 
 

ACCURATE 3D MODELS FOR PERMEABILITY PREDICTION 
 
Using WiseTex modeler and Hivet’s 3D model, accurate geometries can be constructed for 
permeability prediction. Once the geometrical parameters have been identified on the actual 
fabric, 3D models of the looming unit cell can be produced and eventually stacked to form the 
representative elementary volume (REV).  
 
The Meshing 
 
A meshing of the Stokes and eventually the Brinkman regions is realized using different 
commercial and dedicated software. Excepted for non-deformed Hivet’s 3D models where 
meshing can be carried out directly from the 3D geometry, all the others geometries have to 
pass through a number of steps to finally obtain the 3D mesh. Firstly, the REVs are 
discretized into voxels (from hundred of thousands to about ten millions), then, this new 
geometry is filtered in order to remove some of the artifacts resulting from discretization and 
geometrical misfits (interpenetration as well as spurious voids between yarns). Afterward, the 
voxels’ faces are divided into triangles and the surfaces dividing the different regions (Stokes; 
Brinkman and Exterior) are identified in terms of triangles. At this point, these surfaces define 
a set of closed volumes. After that, the number triangles forming the surfaces are lowered so 
that the final volumes do not represent millions of tetrahedrons and finally, a tetrahedral mesh 
is seeded from the existing triangular surface mesh. The above-described method can be 
applied to almost any kind of porous media. The figures bellows illustrate the 3D meshes that 
can be obtained via this technique as well as some results of 3D FE calculation. 

   
Fig. 4  Stokes and Brinkman mesh of a plain weave fabric (left) and complementary volume 

of two plies of a woven fabric. 
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Fig. 5  Speed field from FE calculation with (left) and without Brinkman medium 
Experimental result: 2.5 E-11 Left:  Right:  

 
Deformed geometries 
 
In order to simulate accurately the injection of a complex shape part, one has to take into 
account the influence of both shearing and compression on the permeability of the REV. The 
WiseTex modeler allows us to obtain quite easily sheared and compressed 3D models (if it is 
fed with right mechanical properties). However, this is done the shearing is done in a mainly 
“geometrical way”. On the other hand, the Hivet’s model can be sheared and compressed 
using a mechanical FE code, which probably gives “more realistic” results but is also a “time 
consuming” process. The figure 6 shows an example of the influence of shearing on both in-
plane principal direction of the permeability tensor. 
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Fig. 6  Sheared geometry of a twill 2x2 and evolution of the permeability tensor 
 
Comparison between the two models for both compression and shearing will be presented at 
the conference. The case of compression is of prime importance today with the increasing use 
of infusion in the industrial world. In general, the FE codes simulating the infusion process 
need both the thickness of the fabric versus pressure and the permeability of the fabric versus 
thickness. As this process mainly consists in a “through the thickness” impregnation of the 
fabric (from the upper conducting medium where the resin preferentially flows towards the 
fabric underneath because of the pressure gradient), the most relevant stationary/wet 
permeability value is the Kzz. The figure 7 represents a permeability prediction for ten plies of 
a balanced carbon twill 2x2. The blue surfaces are iso-speed and they clearly shows us two 
things: first of all, as we said in the first section, the channel network is highly complex and 
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would have been difficult to guess or determine analytically; and the second point is that our 
representative volume is maybe too small to be really representative of the percolation path(s) 
trough the thickness. Finally, the figure 8 illustrates the problematic of fabric compression 
using an FE code. 
 

    
 

Fig. 7  Mesh and iso-speed surfaces for 10 plies of carbon fabric with a transversal pressure 
gradient 

 

 
 
 

 
Fig. 8  E33 deformation during compression of a carbon twill 2x2 from relaxed state (up) to 

46% (middle) and finally 94% of compression (bottom) 
 

(RE)DEFINITION OF THE REV? 
 
In order to predict the permeability of woven fabrics in the framework of periodical 
homogenisation, a REV has to be defined. The looming unit cell is generally used because of 
its geometrical periodical boundaries and convenient size. Nevertheless, the statistical 
geometrical variations that occur at the studied scale are only taken into account through the 
mean value of each geometrical parameter determined on the real fabric prior to geometrical 
modeling. In other words, we build up a “mean” unit cell with dimensions the mean 
dimensions observed on the actual reinforcement. The problem is that we have a non-linear 
equation for the permeability of a duct of radius R, and the hypothesis of the “mean cell” 
implies that the mean permeability (or the macroscopic permeability) of a fabric equals the 
permeability of the cell of mean dimensions, which is true is the permeability of a duct were 
linear with its radius. Therefore, how false is this hypothesis? Certainly not too false, because 
the cell of mean dimensions minimizes the permeability and an array of cells of distributed 
permeabilities (the reality) is not likely to maximize the overall permeability. The figure 
bellows illustrates the influence of the “erroneous” hypothesis in the simplest (and certainly 
not more realistic) case of one ply of an UD fabric with identical, impermeable, parallel 
square yarns and all the classical boundary conditions and simplification of Navier-Stokes 
equations. 
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Fig. 9  Geometry of the model medium and influence of the statistical dispersion of the 
geometrical parameters on the permeability of the UD fabric 

 
 

CONCLUSION 
 
The particularities of woven fabrics in terms of permeability modelling have been exposed. 
Two three dimensional modellers exhibiting different advantages have been used to study the 
permeability of the woven fabrics along with a Finite Elements code to resolve the Stokes-
Brinkman equations at the mesoscopic scale. The importance of the parameters describing the 
unit cell together with the influence of shearing and compression on its permeability have 
been studied. The influence of the shearing angle as well as compaction on the permeability 
principal values has also been studied and the importance of an accurate geometrical 
description discussed. Full set of results will be presented at the conference. Finally, the 
validity of the REV has been discussed and would need further developments. 
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ABSTRACT: Textile permeability in general shows a high variance. This work describes a 
method to model textile variability at the meso-scopic scale based on a generalised textile 
model. Inhomogeneities were introduced into the textile structure by randomly moving the 
tow paths at the crossovers according to a given Normal distribution. The effects of textile 
structure on the evaluated permeability variations were explored and demonstrated using non-
crimp fabric and plain weave models. Fabric architecture was shown to be important in that it 
imposed a limit to the degree of variations of the tows. This study demonstrated that 
significant insights in flow behaviour for textile reinforcements can be provided by an 
efficient 2D model. 
 
KEYWORDS: Liquid Composite Moulding (LCM), textile permeability, numerical 
simulation, variability. 
 

INTRODUCTION 
One of the crucial phases in Liquid Composite Moulding (LCM) processes is the injection of 
resin into the mould cavity. Impregnation of the textile reinforcement is determined by the 
textile permeability, which is a measure of the ease of fluid flow. In general, textile 
permeability shows a high variation [1, 2], consequently affecting the quality and cycle time 
of the product. This makes it difficult to predict the filling pattern and fill times accurately, 
thus reducing productivity. 

Several researchers have studied the various factors which would affect fabric permeability 
values. Pan et al. [3] performed controlled uni-directional flow experiments for a plain weave 
and a 0°/90° non-crimp glass fibre fabric, and found that the permeability of the fabrics was 
primarily influenced by local changes in fibre deformation and superficial fabric density. 
Hoes et al. [4] measured the distributions of permeability for a plain weave, twill weave and a 
special PVC-coated layered fabric, using a radial flow method. They used the latter material 
to show that nesting is the major source of the variations in permeability values. The 
permeability scatter for all the fabrics tested in both studies was found to follow a Normal 
distribution. 

In order to study the influence of fabric structure on permeability, Endruweit et al. [5] 
analysed five fabrics with different architecture and geometrical parameters and measured 
permeability using a radial flow set-up with automated data collection and analysis. They 
concluded that the more homogeneous the structure of a material, the lower is the 
permeability variation. In an attempt to model the variations observed experimentally, 
Endruweit et al. [6] assumed that the variation in local permeability is primarily caused by 
stochastic variations in fibre spacing, from which local permeability values can be calculated. 
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Injection simulations at the component level were then simulated for a bi-directional non-
crimp fabric for a range of variations in fibre spacing to determine the global permeability 
variations. A trend was found between relative permeability variations and the maximum 
frequency of fibre tow waviness, which agreed with the experimental values. In general, the 
global permeability variation decreased with increasing mould dimensions. 

The above attempted to describe the variations at the macro-scopic level. It is equally 
important to address variability at the meso-scopic level. Essentially, a fabric is defined by its 
structure and the interaction between the fibre bundles is the key to the variability of the 
fabric. Only by looking at the meso-scopic level can one analyse the effect of fabric 
architecture on variability and address issues such as localised inhomogeneities. 

Using optical microscopy and X-ray micro-computed tomography, Desplentere et al. [7] 
measured geometrical parameters of the fibre bundles in 3D textiles. Considerable variations 
were found for these geometrical dimensions. Lundstrom et al. [8] determined the local 
permeability of non-crimp fabrics (NCF) from the dimensions of the flow channels with 
variable widths between the fibre tows. For a completely random distribution of the local 
permeability values, the global permeability was found to decrease with increasing maximum 
variation at the unit cell level, while for a correlated distribution, the permeability can either 
increase or decrease. To further study the effect of geometry variations on local permeability, 
Nordlund and Lundstrom [9] modelled the meso-scopic channels of a non-crimp fabric with 
variations in width, height and shape of the channels and the effect of the presence of stitches. 
The study identified the geometrical parameters that have the greatest affect on the local 
permeability. In order to realistically predict flow for a NCF, the effects of the stitching 
process and statistical variations of the channel dimensions have to be included in the model. 

This study attempts to address permeability variation by modelling variability in the meso-
scopic structure of the fabric itself. Specifically, the effect of fabric architecture on the 
variability of permeability is analysed. In contrast to the works of Lundstrom et al. [8] and 
Nordlund and Lunstrom [9], which are specific to NCFs, the methodology here is based on 
using a generalised textile modeller, TexGen [10]. Variability is modelled by randomly 
disturbing the paths of the fibre bundles according to a statistical distribution, and the 
effective permeability of the randomised flow domain is calculated based on a numerical 
method known as Grid Average [11]. 
 

MESO-SCALE PERMEABILITY MODELLING METHODS 

TexGen 
Textile models are generated using an in-house textile schema, TexGen [10]. It begins with 
vectors defining the textile interlacing pattern, which are smoothed and have volumes created 
around them to represent the tows. An analysis domain is defined in which the tows are 
repeated accordingly to fill up the domain. Some useful built-in functions include slice 
extraction, in-plane shearing to represent the effects of draping and statistical tow paths 
randomisation to emulate the variability seen in textiles (as described below). Output options 
include input files to mesh generators (for FE or CFD analyses) and data files for in-house 
permeability models, e.g. Grid Average [11] as used here. 

Grid Average method 
The Grid Average method [11] was developed to reduce the complexity of the flow problem. 
Firstly, the flow domain is discretised into a regular square grid in the x-y plane, as shown in 
Figure 1. For each grid element, the local permeability tensor is calculated as the thickness-
weighted average of the individual permeabilities of the respective layers contained within the 
element. The permeability of a free channel with height h is approximated to h2/12 (from 
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laminar flow between paallel plates) and the permeability of the porous tow is specified based 
on the fibre volume fraction using simple analytical models from Gebart [12], whereby the 
tows are modelled locally as either quadratic or hexagonal arrays of unidirectional fibres.  

Periodic boundary conditions are imposed on the four sides of the computational domain. A 
pressure difference, ∆P, is imposed in a direction parallel to one of the global axes. Darcy’s 
Law is coupled with the continuity equation to derive a partial differential equation for fluid 
pressure, which is then solved for saturated flow based on a finite difference scheme. The 
resulting flow rate is calculated from the evaluated pressure field, from which the effective 
permeability of the domain in the flow direction is back calculated using Darcy’s Law. 

Tow variations 
In TexGen, variability in textile models is generated using the Monte-Carlo method, whereby 
the tow crossovers points within the fabric are randomly displaced along the global x- and y-
axes independently. This movement will follow a Normal distribution with respect to the 
original coordinates of the points and a user-specified standard deviation of displacement. As 
the tow movement variation is increased, the tows will invariably begin to interfere with one 
another. In this study, cases with tow interference are discarded. The actual tow position 
distribution can be easily back calculated for a set of randomised cases. 

The randomised model is dicretised using the Grid Average method. As periodic boundary 
conditions are imposed on the four sides of the flow domain in the solution, it is imperative 
that the model itself exhibits periodicity. For the analysis of a unit cell as shown in Figure 1, 
only two basic tows representing each layer are needed to ensure periodicity, with lengths 
equivalent to the diagonal dimension of the domain. A unit cell is defined here as the domain 
with the minimum dimensions which forms a repeatable representative cell of the fabric.  

 

 

a0 

 

45°4Rt Rp 

Figure 1 - Unit cell of a ± 45° non-crimp fabric model with dimensions as shown (top) and the 
discretised Grid Average mesh showing fibre volume fraction (bottom). 

 

RESULTS 

  

A plain weave and a non-crimp fabric (NCF) are modelled here (see Figure 2). Both the 
models have elliptical tow cross sections with semi major axis, Rp = 0.7mm and semi minor 
axis, Rt = 0.175mm, a0 = 2.6mm and no stitches present in the NCF model (see Figure 1 for 
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definition of dimensions). The upper and lower layers of these models are not touching, so 
that tow variations can be introduced in the plain weave without resulting in interference. The 
tow local permeability is calculated for 60% Vf based on the Gebart model for a quadratic 
array of fibres. The computational domain size is 2.6 x 2.6 x 0.85mm, with nominal cell fibre 
volume fractions of 29.3% and 30.6% for the NCF and plain weave models respectively. The 
models are discretised using 50 divisions per unit, resulting in Grid Average meshes 
containing 17161 nodes. A pressure difference of 105 Pa is imposed in the direction of the 
global x-axis with a resin viscosity η of 0.308 Pa s (although permeability is independent of 
these values). 

Randomised cases were generated for the two models by applying two standard deviations of 
nodal displacement at 14.83% and 29.65% with respect to the spacing between the tows. For 
each model and different tow variations, a total of 100 randomised cases were simulated and 
evaluated statistically. The achieved levels of tow variability and resultant mean and standard 
deviations of Vf, α and Kx are listed in Table 1. Generally, the standard deviation of Kx 
increases with increasing tow variations. Interestingly, the mean value of Kx for the NCF 
model decreased with increasing variability whilst the mean Kx value for the plain weave 
increased slightly. 

The degree of permeability variation is somewhat limited for the plain weave cases. For the 
NCF model, when the tow position variation is doubled, there is an increase in permeability 
variations from 1.24% to 4.18%. The plain weave model exhibited an increase of only 11% in 
permeability variations from 1.73% to 1.93%. Similar observations can be made on the 
relative increase in the variations of the fibre volume fraction and fibre angle. The standard 
deviation of the fibre angles for the plain weave is almost the same for the two levels of tow 
path variability. 

At applied tow movement variations of 14.83% and 29.65%, the NCF cases achieved 
variations of 10.50% and 20.83% respectively whilst the plain weave cases achieved 8.69% 
and 13.12% respectively. The plain weave model has reached its geometric limit of variation 
at an applied variation of 29.65%, as evident from the low level of resultant variability of 
13.12%. In fact, 7 out of 10 randomised plain weave cases with 29.65% tow variation had to 
be discarded because of tow interference. The plain weave structure restricts the mobility of 
the tows more than the NCF does, and this is reflected in the permeability variation.  

 

   

a) b) 

Figure 2 - (a) Plain weave model with a0 = 2.6mm, Rp = 0.7mm and Rt = 0.175mm and (b) 
corresponding NCF model. Note the gap between the layers in both models. 

 

  
50



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

  

Table 1 - Mean and standard deviation values for a NCF and a plain weave model  
with a0 = 2.6mm, Rp = 0.7mm and Rt = 0.175mm. 

 
Std. dev. of nodal 
position as % wrt 

space between tows 

 

Intended Achieved  

Vf α (deg) Kx (x 10-9 m2) 

Bi-directional NCF 

0.00 0.00  0.293 90 5.485 

14.83 10.50  0.293 ± 0.000  
(± 0.12%) 

89.99 ± 3.90  
(± 0.04%) 

5.473 ± 0.068  
(± 1.24%) 

29.65 20.83  0.294 ± 0.001  
(± 0.41%) 

90.12 ± 6.93  
(± 0.08%) 

5.347 ± 0.224  
(± 4.18%) 

Plain weave 

0.00 0.00  0.306 90 1.629 

14.83 8.69  0.304 ± 0.000  
(± 0.09%) 

89.98 ± 3.44  
(± 0.04%) 

1.665 ± 0.029  
(± 1.73%) 

29.65 13.12  0.305 ± 0.001  
(± 0.21%) 

89.98 ± 4.47  
(± 0.05%) 

1.674 ± 0.032  
(± 1.93%) 

 

The permeability distribution the plain weave correlates better with a Normal distribution than 
for the NCF (see Figure 3). The plain weave structure restricts the movement of the tows, 
particularly at the tow crossover points, where the point of overlap cannot differ too much 
between randomised cases. Hence most of the randomised cases exhibited a similar pattern of 
variation, and the predicted pressure distributions were very close to one another (see Figure 
4). Calculated permeability values are hence equally likely to lie on either side of the mean. In 
contrast, tows in the NCF are less restricted compared to the plain weave, exhibiting a wider 
range of possible variation patterns. For the NCF model, in extreme cases a whole tow can 
move closer to an adjacent tow, which is not possible for a plain weave where crossovers 
impose periodic restrictions. As a result, NCF models exhibit distorted and non-uniform 
pressure distributions, as shown in Figure 5. The calculated permeability values of these 
extreme cases are much lower than the nominal value, and this is reflected in the predicted 
permeability distribution for NCFs. 

The observation here on the effect of fabric structure on the shape of the permeability 
distribution is interesting, implying that fabric structure has an important influence on 
permeability variations at the meso-scale. However, published experimental observations [4, 5] 
suggest that the Normal distribution of permeability is seen for most types of fabrics. One can 
argue that as the NCF model used here does not include stitches as seen in a real NCF, then 
the tows are freer to move, creating more variable patterns. A previous study [13] has also 
indicated that it is perhaps more appropriate to model a larger domain when variability is 
involved.  
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a) b) 

Figure 3 - Distributions of predicted Kx for (a) NCF and (b) plain weave models with applied 
nodal displacement standard deviation of 14.83% with respect to the spacing between the 

tows. Corresponding Normal distributions are shown with correlation coefficients of 0.648 
and 0.934 respectively. 

 
 

            

b) c) a) 

Figure 4 - Pressure distributions of (a) the nominal plain weave model with no tow variability 
and (b & c) typical cases with extreme tow variability. (a) The nominal case exhibits 

symmetrical pressure contours about the centre line 10. The pressure distributions in (b) and 
(c) are still quite similar to that of the nominal case (a).  

 
 

            

a) b) c) 

Figure 5 - Pressure distributions of (a) the nominal NCF model with no tow variability and 
(b & c) typical cases with extreme tow variability. (a) The nominal case exhibits symmetrical 

pressure contours about the centre line 10. In (b), the pressure distribution is distorted 
compared to (a) whereas in (c), the pressure contours are not symmetrical as line 10 has 

shifted to the right. 
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DISCUSSION 

This study addresses variability in permeability at the meso-scopic scale. In this respect it is 
fundamentally different to previous studies which have addressed macro-scopic variability [3-
6]. For example Endruweit’s variability model [6] is applicable to a macro-scopic flow 
simulation where the effect of the structure is rather homogenised. The meso-scopic models 
presented here are based purely on the fabric architecture which is useful to address issues 
such as localised inhomogeneities. This may allow local phenomena such as a void formation 
to be studied in detail. 

One limitation of the present study is that the fabric models have idealised geometries with a 
low fibre volume fraction, i.e. a lot of free space between the tows. The effective permeability 
of the domain will be dominated by the free space permeability, which is several orders of 
magnitude higher than the tow permeability, and thus variations of the tow paths will be less 
important. Furthermore, experimental measurements are based on several layers of fabric and 
nesting will affect the variability of permeability as shown in [4]. 

There are various ways to model variability in the textile models. In this study, the tows are 
assumed to move randomly at the crossover points according to a Normal distribution, which 
does not necessarily happen in real life. Non-crimp fabrics have stitches running through them, 
which would influence the tow alignment. Furthermore, the fibre tows, being long and 
tortuous, would be less likely to be randomly displaced at each crossover. 

 

CONCLUSIONS 
Textile permeability in general shows a high variation. Consequently, researchers have 
attempted to model such variability in order to better predict the filling times and flow pattern 
of LCM processes. This paper has described a method to model textile variability at the meso-
scopic scale based on a generalised textile modeller. Inhomogeneities were introduced into the 
textile structure by randomly moving the tow paths at the crossovers according to a Normal 
distribution.  

The variations of permeability for a plain weave fabric were compared to a NCF model with a 
similar cell fibre volume fraction. The architecture of the fabric is important in that it imposes 
a limit to the degree of variations of the tow paths. From the comparison between two types of 
fabric, the plain weave was seen to restrict the movement of the tows more than the NCF. 
This has two effects: the permeability variation is lower for the plain weave and the 
permeability distribution correlates better with a Normal distribution. This study 
demonstrated that significant insights in flow behaviour for textile reinforcements can be 
provided by an efficient 2D model. 
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ABSTRACT: The software package WiseTex implements a generalised description of the 
internal structure of textile reinforcements on the unit cell level, integrated with mechanical 
models of the relaxed and deformed state of 2D and 3D woven, two- and three-axial braided, 
weft-knitted and non-crimp warp-knit stitched fabrics and laminates. The paper describes its 
integration with modelling of resin flow on meso-level. 
Calculation of permeability is based on a voxel representation of the unit cell volume. A voxel 
is either empty (pore) or filled with fibres. The flow of the fluid in the pores is governed by 
Navier-Stokes equations (NS-voxels), inside the permeable tows – by Brinkman equation (B-
voxels). In the latter case local permeability (micro-level) is calculated with the formulae of 
Gebart and Berdichevsky for a unidirectional array of fibres. These equations are solved by 
numerical schemes based on: (1) lattice Boltzmann, (2) finite difference or (3) finite element 
algorithms. The homogenised permeability of a unit cell is then determined using an average 
flux of the fluid through the unit cell under periodic boundary conditions for the given 
pressure difference on the unit cell facets. 

 

KEYWORDS: Textile composites; internal geometry; permeability; modelling; software 

INTRODUCTION 

Textile composites are structured, hierarchical materials, having three structural levels:  

1. The macro(M)-level defines the 3D geometry of the composite part and the 
distribution of local reinforcement properties.  

2. The meso(m)-level defines the internal structure of the reinforcement and variations of 
the fibre direction and the fibre volume fraction inside the yarns and the fibrous plies. 
The internal structure is defined by the reinforcement textile architecture and 
deformations applied to the reinforcement during the part forming.  

3. The micro(µ)-level defines the arrangement of the fibres in the RVE of the 
impregnated yarn or fibrous ply.  

The calculation of the permeability of textile composites on the meso-level (a unit cell of the 
reinforcement) involves a two-way process: (1) homogenisation, which produces average 
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(effective) permeability of the material to be used in the macro-modelling of the composite 
part, and (2) calculation of the meso-flow field inside the unit cell under given macro 
conditions. The multi-level description of composites is a well-established approach to the 
calculation of the permeability [1-3]. The key step in the multi-level calculations is the meso-
level.  

The software package WiseTex implements a generalised description of internal structure of 
textile reinforcements on the unit cell level, integrated with mechanical models of the relaxed 
and deformed state of 2D and 3D woven, two- and three-axial braided, weft-knitted and non-
crimp warp-knit stitched fabrics and laminates [2, 3, 9, 10]. The geometry provided by 
WiseTex could be transferred into finite element (FE) mesh of the yarns, which could be used 
for modelling of the flow through the textile. However, building a mesh for complex textile 
geometry is a problem in itself. The “short-cut” possibility for the representation of the 
internal geometry of a textile representative volume element (RVE) is mapping the geometric 
description of the textile meso-structure into a 3D grid of parallelepiped elements (“voxels”). 
The same mapping could produce a 3D mesh of the pores in the reinforcement, to be used in 
finite element, finite difference or other methods for calculations of the flow [4-8].  

The paper discusses the “road map” for building voxel-based models for permeability of 
textile composites, starting from a generic model of internal geometry of the textile 
reinforcement. It can serve as an introduction to three other papers presented by the current 
authors in this conference (F. Desplentere, B. Laine and B. Verleye), which treat the 
individual models more in depth. 

UNIFIED DESCRIPTION OF THE INTERNAL GEOMETRY OF TEXTILE 
REINFORCEMENT AND VOXEL REPRESENTATION OF THE UNIT CELL 

Building a voxel discretisation of the RVE starts with the definition of the internal geometry 
of the reinforcement. If the model has to be sufficiently versatile, the unified description of 
the internal geometry is needed. Such a description has been developed by the present authors 
[2, 3, 9, 10] and implemented in a software WiseTex, which could be considered as a 
geometrical pre-processor for the calculation of mechanical properties and permeability of 
textile composites. 

The unified format of data, covering a wide range of the reinforcement types (2D and 3D 
woven, braided, knitted, non-crimp fabrics - NCF) is described in [3] and shown in Figure 1. 
The yarns in the reinforcement are represented as “tubes”, characterised by a succession of 
cross-sections (dimension and orientation of which could vary along the yarn path). The 
fibrous plies (in NCFs) are described as volumes (“slabs”) containing fibres; the dimensions 
of the volumes and directions of the fibres in them depend on the disturbances (“channels” 
and “openings”) given to the fibrous plies by the stitches. 

Note that the geometry depicted in Figure 1 could be easily transferred to a finite element 
mesh for the yarn and “slab” volumes, as described in [3] and shown in Figure 2. The mesh, 
defining the surface of the yarns/“slabs”, defines also the pore volume between the 
yarns/“slabs”, and could be used for FE or other methods (e.g., FE-SPH). 

The voxel representation of the yarns/“slabs” and pore volume is not based on the description 
of the surfaces, but rather on the continuous definition of pore/fibrous assembly in any point 
of the RVE of the textile. 
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For any point P inside the RVE the geometrical model describes the fibrous assembly near 
this point (Figure 1): physical and mechanical parameters of the fibres near the point (which 
are not necessarily the same in all points of the fabric), fibre volume fraction Vf  and direction 
f of them. If the point does not lie inside a yarn, then Vf=0 and f is not defined. For a point 
inside a yarn, the fibrous properties are easily calculated, providing that the fibrous structure 
of the yarns in the virgin state and its dependency of local compression, bending and twisting 
of the yarn are given. 
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b c 

Figure 1 (a) Set of cross-sections defining a yarn in a unit cell, properties of fibres near point P; (b) 
Quadriaxial NCF, orientation of the fibres in the plies 0°/-45°/90°/45°:) Full geometrical model with 

stitching. Note a “channel” in the first 0° ply and slab representation of a ply with -45° "cracks". 
ABCDEF –  vertices of the upper polygon of one of the slabs; (c) Example of the pore structure of 

biaxial NCF 

The information of the local fibrous content is output in so-called Fibre Distribution (FD) 
mode. The fabric repeat is mapped into an orthorombic, regular grid of cells (= voxels), where 
each cell has homogenised properties according to the amount and respective orientations of 
the yarn sections it contains. The following data are stored in the FD Mode: (1) RVE (unit 
cell) size; (2) Data for all fibre types in the reinforcement: fibre diameter, density, mechanical 
properties; (3) For each cell/voxel: fibre type reference; average fibre orientation; average 
fibre volume fraction. The number of cells is chosen by the user. 
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Figure 2 FE mesh for surfaces of yarns of one layer of woven fabric and a laminate 

Averaging over a sub-cell is done as follows. The geometrical model gives an answer to the 
question “does a given point P in the RVE volume lie inside a yarn?” If answer is yes, then 
the fibre volume fraction (from the fibre count inside the yarn and the cross-section 
compressed dimensions) and the fibre orientation (from the yarn heart-line direction and the 
yarn twist) can be computed for the point P. Integrating over a sub-cell volume, the average 
parameters are computed for each of the fibre types present in the particular sub-cell 
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aA 1 ,       

where V is a subcell volume, vf is the fibre volume fraction (of the fibres of the given type) 
near a given point P – centre of differential volume dv, af is fibre orientation vector at P, Vf is 
an average fibre volume fraction, Af is an average fibre orientation (this vector is normalised 
after integration). The integrals are computed with a numerical formula: 
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where n, coefficients ai and reference points Pi inside a unit cell are pre-defined for a given 
polynomial order of accuracy (1,3,5 or 7, chosen by the user) [11]. 

PERMEABILITY OF THE REINFORCEMENT 

The calculation of the permeability is based on a voxel representation of the unit cell volume 
(Figure 3a). A voxel is either empty (pore) or filled with fibres. The flow of the fluid in the 
pores is governed by the Navier-Stokes equations (NS-voxels), inside the permeable tows – 
by the Brinkman equation (B-voxels). In the latter case local permeability (micro-level) is 
calculated with the formulae of Berdichevsky [12] and Gebart [13] for longitudinal (“l”) and 
transversal (“t”) permeability of the unidirectional array of fibres:  
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where K is the permeability, Vf is local fibre volume fraction, d is the fibre diameter. 
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Figure 3 Calculation of permeability: (a) unit cell and voxel model; (b) Two layers of monofilament 
fabric: WiseTex/LamTex model and flow velocity field (finite difference method); (c) Carbon woven 

reinforcement: fabric, cross-section of the laminate (Vf=55%), finite element calculations with 
different compression of the fabric 

The Navier-Stokes/Brinkman equations are solved by numerical schemes based on lattice 
Boltzmann [4], finite difference (based on a Navier-Stokes solver NaSt3DGP developed by 
the research group of Prof. M. Griebel in the institute of Numerical Simulation at the 
University of Bonn [14,16,17,18]) or finite element algorithms [5]. The homogenised 
permeability of a unit cell is then determined using an average flux of the fluid through the 
unit cell under periodic boundary conditions for the given pressure difference on the unit cell 
facets.  

Figure 3b illustrates the calculation of the flow through a fabric made of monofilament fibres. 
The precise definition of the geometry, available for this type of fabric, results in a very good 
prediction of the permeability: measured [15] 270±20 µm2, calculated 330 µm2 by the lattice 
Boltzmann method and 270 µm2 by the finite difference Navier-Stokes method. When a 
reinforcement with permeable tows is considered, the correct calculation of the preform 
compression is of major importance. Figure 3c illustrates how finite element calculations 
come close to the measurements, when the correct parameters of the reinforcement are chosen. 
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CONCLUSION 

The textile internal geometry models of WiseTex provide a generic data format for the 
description of the distribution of the properties (micro-homogenised permeability of fibre 
bundles) in a RVE of a textile composite, discretised using voxel partitioning. The voxel 
models are effectively used for calculation of the permeability of the RVE (using finite 
difference, finite element or lattice Boltzmann methods for flow simulation). The versatility 
of the geometrical modelling makes the approach applicable to virtually any textile 
reinforcement structure using the same modelling and software implementation framework. 
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ABSTRACT:  Numerical computation of textile permeability is important for composite 
manufacturing. Using Darcy’s law, permeability can be derived from a simulation of the fluid 
flow, i.e. after solving the Stokes, Navier-Stokes or Brinkman equations. The latter allow to 
model intra-yarn flow in case of permeable yarns. In this paper we present a numerical 
method for the calculation of the permeability of textile models based on a finite difference 
discretisation of the partial differential equations. Two different formulas for the calculation 
of the local permeability are discussed. Theoretical, numerical and in particular experimental 
validation is presented. 
 
 
KEYWORDS: Textile composites, Permeability, CFD, Homogenisation 
 
 

INTRODUCTION 
 
For the manufacturing of composites with textile reinforcement, the permeability of the textile 
is a key characteristic and is of particular importance for the injection stage of Liquid 
Composite Moulding. The prediction of textile permeability is important due to the often 
encountered problems of non-uniform impregnation, which may even involve void and dry 
spot formation. Permeability is a geometric characteristic related to the structural features of 
the textile at several length scales. Textiles are porous media and the permeability tensor can 
be defined by Darcy’s law 
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Here, Re  denotes the Reynolds number, ( ), ,u u x y z=
r r  the fluid velocity,  the 

pressure, 
( ), ,P P x y z=

K the permeability tensor of the porous medium and  denotes volume averaging. 
Eqn. 1 is a homogenized equation, where information about the internal geometry of the 
reinforcement is taken into account in K . Finite element or finite difference Darcy solvers 
thus require K  as input. Since measurements of textile permeability are time- and resource-
consuming, a reliable numerical prediction of K  is required.  

 

P

P- P�  
 

Fig. 1  A unit cell setup 
 

For the calculation of K , we simulate the flow in a unit cell (Fig. 1) since textile has a 
periodic pattern. As textiles are also hierarchically structured materials, our model for fluid 
flow must also take into consideration the possible porosity of the yarns. Hence, in the 
following, if the yarns are porous, we will differentiate between inter-yarn flow and intra-yarn 
flow. The porosity is accounted for by the permeability tensor . In both cases we aim at 
the computation of the fluid velocity u

towK
r and the pressure P  in order to solve Darcy's law (1) 

for K . 
In the case that the model is limited to creeping, single-phase, isothermal, unidirectional 
saturated flow of a Newtonian fluid, the inter-yarn flow is described by the incompressible 
Navier-Stokes equations (here in dimensionless form), 
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Here,  and . If ( ), , ,u u x y z t=

r r ( ), , ,P P x y z t= Re  is small, the convective term can be 
neglected, and Eqn. 2 result in the Stokes equations. Later in this paper, we show numerically 
that for our applications both the Navier-Stokes and the Stokes equations can be used.  
Intra-yarn flow depends on the local permeability tensor  of the tow, and is described by 
the Brinkman equations [5] satisfying  
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with the convection term included. 
We develop numerical software for the calculation of the permeability of textiles, named 
FlowTex. The input of a single layer of the textile model is provided by the WiseTex software 
[11,13,19] which allows the characterisation of a single-layer of the reinforcement or a 
regularly or randomly nested laminate [12]. 
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NUMERICAL SOLUTION OF THE NAVIER-STOKES EQUATIONS 
 
For flow simulations in the irregular geometry of a textile, we have chosen to solve Eqn. (2) 
numerically on a regular staggered grid with a finite difference discretisation. An example of 
a textile geometry and its discretisation on a regular grid is shown in Fig. 2. 

 
 

Fig 2  A 3D and 2D voxel representation of a textile geometry 
 

In previous work the solution was performed using lattice Boltzmann algorithm [3]. The 
implementation described in this paper is based on the 3D finite difference Navier-Stokes 
solver NaSt3DGP, developed at the Institute for Numerical Simulation of the University of 
Bonn [1,7]. In order to apply the code for the computation of the permeability of textiles, 
several extensions to the code have been made. An interface between FlowTex and 
NaSt3DGP allows the input of the voxel description of the textile geometry [13,19] provided 
by WiseTex (Fig. 2). For the unit cell setup, we implemented periodic boundary conditions in 
three directions for the velocity, and periodic boundary conditions up to a constant gradient 
for the pressure (Fig. 1). To account for intra-yarn flow, the code has been extended to solve 
the Brinkman equations: we solve Eqn. 3 on the whole domain with variable 0 . It 
was shown by Angot [2] that this is a valid approach in which no extra interface conditions 
between the fluid and the porous part are required. This approach is a practical method to deal 
with the coupled problem of flow in a porous medium and flow in-between the yarns. An 
implicit treatment of the diffusive terms for the Navier-Stokes/Brinkman equations has 
substantially improved the speed of the permeability computations [17].  

towK< ≤ ∞

 
 

ANALYTICAL VALIDATION 
 
In our previous papers [17,18] we presented numerical and experimental results that take the 
textile geometry at three different length scales into account: the macroscale of the textile part, 
the mesoscopic scale of the unit repeat cell, as well as the microscopic scale of the fibres 
within the yarns. In this section we give an analytical validation of the proposed Darcy’s law 
for the calculation of the inter-yarn permeability with the help of homogenisation theory. Also, 
homogenisation theory provides us with a new possibility for the computation of the 
permeability tensor. Numerical validation of the latter approach will be given further in this 
paper. 
The direct numerical treatment of fluid flow in porous media is difficult and time consuming 
due to the rapid variations of the pore scale. However, when the characteristic size of the 
obstacles in a repeat cell of the medium, e.g. of the yarns, is small compared to the whole 
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sample, homogenisation theory allows us to “average” or “upscale” the equations of fluid 
mechanics that hold on one scale of the porous medium to the next scales. Hence, we avoid 
the solution of the fluid equations in the complicated pore geometry  by merely studying  the 
geometry’s homogenised influence on these equations [14]. 
Several authors have dealt with the homogenisation of the Stokes or Navier-Stokes equations 
in a periodic porous medium [9,14,15] and derive Darcy’s law as the limiting equation in the 
homogenisation process. In Darcy’s law information about the structure of the pore scale is 
only kept through the effective quantity of permeability. The permeability tensor K  in 

homogenisation theory is given as 1
d
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Here,  denotes the unit vector, ier Yτ ∈ , Y  the unit repeat cell of the porous medium and  
and  its corresponding fluid and solid part. Furthermore, 

FY

SY ( )w τr  and ( )π τ  are comparable 
to the fluid velocity and pressure of the Stokes equation. 
From a numerical point of view, this offers a further possibility for the computation of the 
permeability tensor. The solution of the above cell problems in 3D amounts to three Stokes 
equations with external forces ( )1 3i i

e
≤ ≤

r , from which we obtain ( )
1 3

i

i
w

≤ ≤

r for the input of K . 

This leads to the same results as the computation of K  by Darcy’s law since in the unit repeat 
cell these are equivalent problems [14]. Note that this method gives a straightforward 
definition for the computation of all components of K  whereas the calculation of K  via 
Darcy’s law requires solving a 9x9 system of equations. However, for the calculation of e.g. 

xxK , we neglect the influence of xyK  and xzK  in (1) which according to Table 1 is allowed and 
yields a direct calculation of xxK . 
 
 

LOCAL PERMEABILITY 
 
If we want to include the intra-yarn flow into the flow simulations, we solve the Brinkman 
equations (3), which requires the local permeability in every grid point which lies inside the 
yarn. At micro-level, the fibres are considered as regularly packed cylinders. Gebart [6] 
presents analytical formulas for the permeability of a porous medium which consists of a 
quadratic packing of cylinders for both flow along and transversal to the cylinders  
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with Vf  the local volume fraction, r  the radius of the cylinders and max / 4fV π= . 
Berdichevsky et al. [4] on the other hand present formulas for the local permeability 
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Fig. 2 Comparison of the Gebart/Berdichevsky formulas with numerical results 

 
Fig. 2 shows a plot of the different formulas. We see that for the permeability along the fibres, 
the curves of Gebart and Berdichevsky show comparable results, although the formulas of 
Gebart give a higher permeability. For the permeability in the transversal direction, however, 
the formulas give different results for higher volume fractions. 
Fig. 2 also shows the results of our computations with the software described above for a 
parallel square array of cylinders. The formula of Berdichevsky matches better with the 
numerical results for the flow along the fibres, although not for higher volume fractions. 
However, for the flow in the transversal direction, clearly the formula of Gebart gives better 
results. The FlowTex software calculates the local permeability in (and transversal to) the 
direction of the fibres according to (7) and (6). Once AK  and  are known, they are 
projected onto the main directions 

TK
, ,X Y Z which then yields the local permeability tensor .  towK

 
 

VALIDATION 
 
Analytical data 
 
In this section we compare the numerical results of the permeability of a cubic array of 
spheres with analytical results. On the one hand we can compute the flow field with the 
Stokes equations and obtain K  from the applied pressure drop P∇  and the average velocity 

field ur  in Darcy’s law (1) and on the other hand the same permeability will be obtained by 
solving the cell problems (4). For a periodic array of spheres Sangani and Acrivos [16] found 
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general solutions of the Stokes equations in series formulation, whose coefficients are 
determined numerically. For several volume fractions Vf  the authors computed the 
dimensionless drag force F  to which the first entry of the permeability tensor is related by 

1 6xxK rFπ= , with  the sphere radius. r
Both the permeabilities from numerical simulations as well as the semi-analytical ones are 
listed in Table 1 for various values of ( )1/ 3

maxVf Vfχ = , which is a scaled sphere volume 

fraction 34 3Vf r Lπ= 3 , where max 6Vf π=  corresponds to the case where the spheres are in 
contact. First of all, we note that all the values are in good agreement with those obtained 
analytically by Sangani and Acrivos [16] and deviate no more than 0.5% from them. 
Furthermore, the results obtained from the cell problem and by Darcy’s law are equal. This 
was to be expected as in homogenisation theory the cell problem is just an auxiliary problem 
for the definition of the permeability tensor and the derivation of Darcy’s law. But also for 
actual text geometries, the permeability tensor obtained from the cell problem is accurate as 
shown in Table 2. Hence, homogenisation theory not only applies to our textiles but also 
offers an easier way to implement an efficient method for permeability computations. 
 

Table 1: Computation of the permeability for a simple cubic array of spheres xxK
χ  Resolution :  Darcy's LawxxK  :  Cell ProblemxxK  :  AnalyticalxxK  

0.2 603 3.8135 E-01 3.8135 E-01 3.8129 E-01 
0.4 603 1.2314E-01 1.2314E-01 1.2327E-01 
0.8 803 1.3118E-02 1.3118E-02 1.3197E-02 
1 1003 2.5083E-03 2.5083E-03 2.5203E-03 

 
Experimental validation 
 
A comparison between the results of the Navier-Stokes/Brinkman solver with experimental 
data is given in Table 2. Information on the Natte textile and the Carbon woven fabric can be 
found in [8,10]. The Numerical and experimental results are in good agreement for the Natte 
textile (Fig. 3) and give reasonable results for the Carbon woven fabric. Table 2 also shows 
the results for a Parallel Square Array (PSA) of cylinders.  
For a typical unit cell of textile, with a flow velocity typically used in Resin Transfer 
Moulding ( ), the Reynolds number is about 0.05. As flows with a low Reynolds 
number can be described by the Stokes equations, we compare the solution of the Navier-
Stokes equations with the solution of the Stokes equations (Table 2).  

310 /m s−

This shows that for our application, we do not have to solve the non-linear Navier-Stokes 
equations with pseudo time-stepping, but can solve the steady Stokes equations with a 
preconditioned iterative solver instead. This can lead to a considerable speedup of the 
permeability simulations in comparison with the time-stepping we use now to solve the 
Stokes equations. Such a sophisticated Stokes solver is presently under development.  
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Table 2 Comparison between Navier-Stokes and Stokes calculations 
Setup 

Method PSA Vf 62% Natte Carbon woven fabric 

xxK  Navier-Stokes (mm2) 3.4e-03 3.3e-04 4.2e-04 

xxK  Stokes (mm2) 3.4e-03 3.3e-04 4.2e-04 

xxK  Cell Problem (mm2) 3.4e-03 3.3e-04 4.2e-04 

xxK  Experimental (mm2) - 2.7e-04 10%±  1.0e-04  10%±

 

 
 

Fig. 3. 3D image  and a 2D cut of the calculated flow field in the Natte model 
 

CONCLUSIONS 
 

Two methods for the calculation of the permeability of textiles have been presented. The 
solution of the Navier-Stokes/Brinkman equations with a finite difference solver yields the 
velocity and pressure field for Darcy’s law. On the other hand, the permeability can be 
calculated via the definitions given by the theory of homogenisation. Both methods lead to the 
same numerical results, hence solving the Navier-Stokes/Brinkman equations on the unit-cell 
is a correct approach to obtain the textile permeability. Furthermore, the numerical results are 
in good agreement with experimental results.  
Two formulas for the local permeability term of the Brinkman equation were discussed and 
compared with numerical results.  
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ABSTRACT:  A model is proposed to analyse the variation in the permeability of Non–
Crimp  Fabrics, originating from variations in the internal structure of the material. A 
geometrical description of the fabric based on the distortion induced by the stitch threads 
piercing through the fabric is employed. The distortions form channels which are mutually 
connected. It is assumed that these channels dominate the permeability of the fabric. A 
network of flow channels is subsequently defined, in which the variations, measured in the 
dimensions of the distortions, is explicitly accounted for. The variations in the internal  
structure of the fabric affect the averaged permeability significantly. Moreover, a network 
rather that a single unit cell is required to predict the averaged permeability and its variation 
properly. Finally, the spatial distribution of the randomly generated channel dimensions 
affects the permeability significantly. 
 
 
KEYWORDS: composites, permeability, flow modelling, internal geometry, variability 
 
 

INTRODUCTION 
 
The closed mould production technology Resin Transfer Moulding (RTM) is a cost--effective 
method to manufacture near net–shaped composite products. The resin is injected into a 
cavity at a pressure of typically 2 – 10 bars, while a preform, consisting of dry semi–
continuous fibres, fills the cavity. One of the key problems to obtain a reproducible product 
quality is the impregnation behaviour of the fibrous reinforcement. The permeability of a 
textile structure is difficult to predict and a significant amount of variation is present in 
measured permeability values.  
This work focusses on the variability in the permeability originating from varitions in the 
internal geometry of a Non–Crimp Fabric (NCF). A network flow model is defined to predict 
the permeability and its variation based on the internal geometry of the fabric and its 
variations. 
The geometrical model is based on the analysis of three different types of biaxial NCFs. The 
geometry of these fabrics was previously presented in [1].   
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GEOMETRICAL MODEL 

 
Non–Crimp Fabrics (NCF) are frequently applied as reinforcement material for RTM based 
composites. NCFs consist of a stack of uni–directional, but mutually differently oriented fibre 
mats. The stacks are stitched together by a relatively thin thread to obtain sufficient structural 
integrity of the fabric. 
Multiple layers of fibres are spread on the machine bed during the manufacturing of NCF. 
The fibre bed moves in the longitudinal direction of the machine (‘machine direction’). A bar 
of needles spans the width of the fabric and the needles penetrates the fabric, leaving the 
stitch thread behind. The needle spacing A and the distance between subsequent needle 
penetrations, the stitch distance B, remain constant during the manufacturing process. 
Different stitch patterns are formed by applying a additional movement of the needle bar in 
cross direction [2]. Three different warp knitted stitch patterns are depicted in figure 1. 
 

↑ 

 

↑

 
(a) SAERTEX ±45° Tricot warp knit stitch 

pattern (top face). 
(b) SAERTEX 0/90° Tricot–chain warp knit 

stitch pattern (top face). 

↑ 

 

↑

 
(c) DEVOLD ±45° Chain warp knit stitch 

pattern (top face). 
(d) DEVOLD ±45° Chain warp knit stitch 

pattern (bottom face). 
 

Fig 1: Three stitch patterns (a-c). The bottom face is similar for all fabrics (d). The arrow 
indictaes the machine direction. 

 
 
Meso – Level Structure 
 
The core of the geometrical model is the distortion of the fibre paths, induced by the stitch 
threads piercing through the fabric. A wedge shaped gap results, oriented in the direction of 
the fibres, as shown in the scanned image of a DEVOLD biaxial ±45° NCF depicted in figure 1. 
The width and length of the distortion are indicated (b and l respectively). 
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Fig.2: Stitch Yarn induced fibre Distortions (SYD) of the top face of a DEVOLD biaxial ±45° 
NCF (chain knit pattern), with b the width and l the length of the distortion. 

 
The definition of the distortions was first presented by Lomov et al. [2], who referred to them 
as ‘cracks’ and ‘channels’. Here the term ‘Stitch Yarn induced fibre Distortion’ (SYD) is used 
to comprise both these terms. 
 
SYD Shape 
 
It is assumed that the distortion is wedge shaped and symmetric along its longitudinal axis 
(aligned in fibre direction) and its transverse axis (perpendicular to the fibre direction).  A set 
of four needle penetrations and the accompanying SYDs of a ±45° biaxial fabric is depicted in 
figure 3.  
 

 
 

Fig. 3: Schematic representation of the SYD configuration of a biaxial NCF. The light gray 
areas indicate the interaction regions between SYDs of top and bottom faces (solid and 

dashed lines respectively) in the centre of the SYD, the dark areas indicate the interaction 
regions in the tip. The dots indicate the stitch yarns piercing through the fabric. 
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The stitch distances A and B are indicated, as are the fibre angles θi, the distance δ separating 
the tip of neighbouring SYDs and finally the projected stitch distances dp

A and dp
B. 

Moreover, it is assumed that the shape of the SYD is constant in the through–thickness  
direction of the fabric. The height of the SYD directly follows from the height of the cavity 
(which is constant in case of RTM) and the total number of plies. Dimensionless parameters 
were introduced for the width (κ) and the length (λ) [1]. 
 
Statistical Distribution 
 
The length and width of the SYDs were measured for the three different fabrics, shown in 
figure 1. The averaged width and length was measured for 100 SYDs on either side of the 
fabrics. The logarithmic values of the dimensions exhibit a normal distribution [1]. The length 
is assumed to be constant here. The fabric properties and measured widths b and standard 
deviations σln of the ±45° chain knit fabric (figure 1c–d) are presented in table 1. This fabric 
is used in the flow model. 
 
Table 1: Material properties and measured averaged width and standard deviation (averaged 

over both faces) of the DEVOLD biaxial ±45° chain knit fabric. 
 

Parameter   value 
Averaged width b  [mm] 0.28 
Length l [mm] 3.89 
Layer thickness h [mm] 0.5 
Logarithmic standard deviation σln [-] 0.33 
Needle spacing A [mm] 5 
Stitch distance B [mm] 2.5 
Areal density ρA [kg·m-2] 0.534 
Fibre count  [-] 12K 

 
FLOW MODEL 

 
The flow model is based on the assumption that the flow in the SYDs dominates the overall 
flow, since the SYDs are an order of magnitude larger in size than the space between the 
filaments of the fibre bundle. The SYDs are treated as channels and the fluid flows from a 
SYD in one ply to the SYD in an adjacent ply through the interactions regions. These regions 
are indicated by the gray areas in figure 3. 
 
Channel Flow Equations 
 
The flow of resin through a fibrous reinforcement can be characterised as a laminar, viscous 
flow of an incompressible, Newtonian fluid. Hence the flow rate Φ in a channel with radius r 
is related to the pressure gradient in longitudinal direction dp/ds as: 
 

4 d d 1
8 d d d
r p K p p

s s
π

µ µ µ
Φ = = ≡

ℜ
d

s
, (1) 

 
with µ the dynamic viscosity, K the permeability and   the flow resistance. However, the 
cross–sectional shape of the SYD is not circular and not constant over its length. Therefore 
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the hydraulic radius rh is employed, defined as the twice the ratio of the cross–sectional area 
Ac over the perimeter P: 
 

2 c
h

Ar
P

= . (2) 

 
Subsequently the flow resistance Ri of the ith channel is calculated by integration of the flow 
resistance ℜ , given in equation (1), between the two points si and si+1 (as indicated in figure 
4): 
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= ℜ =∫ ∫ . (3) 

 

 
 

Fig. 4: Linearly decreasing channel radius rh(s): ri maximum, ri+1 minimum radius, s 
longitudinal coordinate. 

 
Single SYD Unit Cell 
 
A single SYD is subdivided into six channel sections, see figure 5. The a and b variants of the 
channels section I, II and III are equal, based on the symmetrical shape of the SYD.  

 

 
 

Fig. 5: SYD subdivided into two times three sections. The dashed lines indicate SYDs of the 
adjacent ply, the dots are the centres of the interaction regions. The channel sections I and II 

are represented by a channel with an effective resistance. 
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The dots (n1,2,3,4,5) indicate the centres of the interaction regions between the SYDs of 
adjacent plies. The sections IIIa,b are dead ended sections and are discarded. The sections Ia,b 
and IIa,b are represented by channels with a flow resistances R1,2,3,4. 
 
Network Formulation 
 
The effect of the variability in the dimensions of the SYDs on the averaged value of the 
permeability and its variation cannot be estimated based on a single SYD unit cell. Hence, a 
network of SYDs is formed, as depicted in figure 6. The light gray resistances correspond to 
section I, the dark gray to section II. 
 

 
 
Fig. 6: A network of flow resistances, representing a flow domain. The dots indicate the stitch 

penetration locations. 
 
The flow through a network is solved by employing a finite element discretisation. Pressure 
boundary conditions were used to apply a pressure gradient either in machine direction (y in 
figure 6) or in transverse direction (x). 
A set of SYD widths was generated, based on the measured averaged width and its variation. 
The widths were assigned to the SYD of the network, either randomly or according to a 
predefined distribution. The permeability of the network was finally calculated by comparing 
the total volumetric flow rate with the pressure drop, see equation (1). 
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RESULT & DISCUSSION 
 
A number of networks were analysed, based on  fabric 3. The permeabilities in machine 
direction and transverse direction (figure 6) of the analysed networks are normalised on the 
permeability of a network with equally sized SYDs (referred to as the ‘nominal 
permeability’). 
Amount of Variation 
 
The amount of variation on the widths of the SYDs was varied between 0 and 150% of the 
measured standard deviation. The resulting normalised permeability KN for a network of size 
40A×60B drops to roughly 85% of the nominal permeability for σln = σmeas and to 70% for σln 
= σmeas×150% (see figure 7). Note that the normalised permeability is expected to be higher 
than 1 if the averaged permeability of a series of single SYD unit cells is determined. This 
corresponds to a system of parallelly connected flow resistances. A network approach results 
in a different prediction of the permeability compared to a unit cell approach. 
 

 
 

Fig. 7: Normalised permeability as a function of the amount of variation based on a 
logarithmic standard deviation (measured standard deviation: σmeas = 0.33, network size: 

40A×60B). 
 
 
Lower and Upper Bound 
 
The lower and upper bounds of the permeability of the network are estimated by assuming 
that the widths either only vary in or perpendicular to the flow direction. The lower and upper 
bound (see figure 8) are found to be 40% below and 50% above the nominal permeability, 
irrespective of the flow direction. 
This can result in a factor 3 difference between predicted – or measured – permeabilities for 
the given variation in the SYD dimensions. 
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Influence of Spatial Distribution 
 
The set of randomly generated SYD widths can either be distributed randomly, or according 
to a certain predefined spatial distribution. The normalised permeabilities for a flow in the 
machine direction are shown in figure 8. The spatial distribution causes the clustering of 
channels with comparable size. The type of distribution determines where the clustering 
occurs (for example: clustering of large SYD widths in the centre). The normalised 
permeabilities approach the upper or lower bounds, in which the amount of order is maximal. 
A similar behaviour is observed for a flow perpendicular to the machine direction. The 
permeabilities approach the oppposite bound compared to a flow in the machine direction, in 
that case. 
 

 
 
Fig. 8: Normalised permeability in machine direction for various spatial distributions (KN

y). 
 
The predicted permeability of the network is essentially different from the predicted 
permeability if only individual SYD unit cells are analysed. The level of order in the spatial 
distribution has a significant effect on the predicted permeability. Hence, both the variation 
and the spatial distribution have to be taken into account in a network formulation to predict 
the permeability and its variation properly. 
 
 

CONCLUSIONS 
 
The conclusions that can be drawn from the network approach, to predict the permeability of 
an NCF are: 
• The variations in the internal structure of an Non–Crimp Fabrics have a significant effect 

on the macroscopic permeability of the fabric.  
• It is not sufficient to average over a sufficiently large number of single SYD unit cells. A 

coupled network is required to obtain an accurate prediction of the permeability and its 
variation. 
• The spatial distribution of the dimensions of the SYDs in the network has a significant 

effect on the normalised permeability. 
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ABSTRACT: Vacuum-Assisted Resin Transfer Molding (VARTM) is widely used for large-
scale composite manufacturing of civil and defense applications. Here, the infusion process 
reduces part costs due to a decrease in labor, material and equipment expenses compared to 
other composite manufacturing techniques.  However, in order to replace conventional 
manufacturing methods for aerospace-quality parts such as autoclave processing, the VARTM 
process repeatability and part quality must be improved.  This research is evaluating the 
influence of incoming material and processing condition on final part quality for three 
dominant VARTM process variations. 
 

 
INTRODUCTION 

 
Vacuum-assisted resin transfer molding (VARTM) has the potential advantages of relatively 
low cost with sufficiently high volume fractions of reinforcement and can be readily applied 
to large-scale structures.  However, for many aircraft applications, VARTM does not 
currently provide sufficient repeatability or control of variability.  In order to routinely 
produce VARTM parts of aircraft quality, the key factors of variability must be understood. 
This will enable the long-term objective of repeatable properties (property/weight) that are 
close to autoclave processed part levels at a lower cost. 
 

Repeatability 

Actual 

Goal 

A lower variation (higher repeatability) 
in properties improves the allowable 
design Property 

Weight 

Actual 

VARTM 

Autoclave 

 
Figure 1: VARTM has the potential to reduce cost with equivalent 

repeatability compared to autoclave processing 
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There are many factors that influence the variability of the final part. The factors that play a 
major role in the cause of this variation need to be identified and the causes and effects of 
changes in these factors understood. Three main VARTM process variations have been 
considered: 1) The SCRIMP process [1], patented by TPI Composites is a vacuum infusion 
process using a high-permeability layer to rapidly distribute the resin on the part surface and 
then allow through-thickness penetration, 2) The CAPRI process [2], patented by Boeing Co. 
is a SCRIMP variation where a reduced pressure difference is used to minimize thickness 
gradients and resin bleeding, 3) The VAP process [3] is another SCRIMP variation, patented 
by EADS where a air-permeable membrane is used on top of the distribution media to allow 
continuous and areal venting reducing void content and creating a robust process variant.   
 
 

VARTM PROCESS COMPARISON 
 

UD-CCM’s models [4,5] are used to investigate the effects of processing parameters and 
different processing scenarios on variation of resin flow, resin pressure and thickness 
variation of the composite laminate. The important material parameters include the 
permeability of the preform and distribution media for flow prediction as well as the 
compaction behavior to characterize dimensional tolerances. A new apparatus has been 
developed at UD-CCM [6] allowing measurement of the transverse permeability as a function 
of compaction and debulking cycles using both gaseous and liquid flow. The experimental 
cell provides insight into the variability of the incoming material and provides the needed 
understanding of the material changes during debulking to fully understand the CAPRI 
process.  Figure 2 shows a typical compaction and permeability curve for a plain-weave 
preform subjected to debulking.  An 80%-90% reduction in permeability is observed as well 
as a 4-5% decrease in thickness after 200 debulking cycles increasing significantly the fiber 
volume fraction in the part. 
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Figure 2: Debulking alters the thickness and permeability of the incoming reinforcement 

 
All VARTM processes apply vacuum across the infusion and vent gates allowing resin flow 
into the reinforcement and compaction of the preform.  The resulting pressure gradient during 
injection reduces the compaction pressure near the injection line and increases the thickness 
of the preform and reduces fiber volume fraction.  After full infusion the pressure and 
thickness gradient can be reduced during a subsequent resin bleeding step.  Models have been 
developed to predict the dimensional tolerances as a function of material parameters and 
process setup and can be used to optimize the CAPRI pressure during infusion and the 
required gel time and/or vacuum pressure during resin bleeding to minimize the final part 
thickness variation. Figure 3 shows the benefit and disadvantage of the CAPRI setup 
compared to conventional VARTM processing.  The final cured part thickness is greatly 
reduced due to the vacuum debulking of the preform while the gradient is minimized with the 
application of partial vacuum in the infusion bucket.  Nevertheless, a potential disadvantage is 
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the increase in infusion time due to the reduced pressure gradient and reduced permeability of 
the fabric. 
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Figure 3: The CAPRI process improves fiber volume fraction and dimensional tolerances 

while increasing processing time 
 
The VAP process provides an alternative approach to reduce variability.  The air-permeable, 
resin-proof membrane allows application of continuous vacuum compaction on the complete 
surface even during infusion reducing the thickness gradient.  The membrane also enables a 
more robust VARTM process that minimizes/eliminates the potential for dry spot formation 
and lowers void content due to continuous degassing of the resin during impregnation.  Here, 
volatiles generated during processing can escape through the membrane layer and reduce the 
void content well below 1% for typical epoxy resin systems.  Research has shown, however, 
that this innovative solution works only when the resin and membrane are compatible. For 
example, current membrane material supplied by W. L. Gore & Associates GmbH is effective 
with epoxy resin systems but inadequate for vinyl-ester systems, which have high styrene 
content.  To fully control the membrane-based process and extend its use to a wider range of 
resins, a fundamental understanding of compatibility issues is currently developed.  
 

250 µm250 µm

250 µm250 µm

 
 

Figure 4: Vinyl ester part on the left shows high void content versus below 1%  
for the epoxy part 

 
Automation is also key to improve repeatability of the VARTM process [7]. UD-CCM has 
developed the SMARTMolding Intelligent Process Control (IPC) system which has been 
implemented at various companies for production of VARTM components.  This approach 
enables material, process, and part traceability along with semi-automated material lay-up, 
automated debulking and resin mixing, and resin infusion and control of dwell times and cure 
cycles. The automation capabilities enable monitoring of cycle times for all processing steps, 
sensing of the important process parameters through embedded sensors and QA/QC of the 
complete process. 
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Sensing and ControlModeling and Simulation Experimental
Validation and Automation

Advancement of
Liquid Composite Mold Filling Processes

by Intelligent Processing

Advancement of
Liquid Composite Mold Filling Processes

by Intelligent Processing

• Increase production repeatability
• Reduce trial and error in process design
• Improve quality
• Introduce control

 
Figure 5: Industrial hardened automation is available 

to provide QA/QC of the VARTM process 
 
 

SUMMARY 
 

The VARTM process is poised to penetrate the aerospace market. New process developments 
and a better fundamental understanding of the process allow part fabrication with improved 
dimensional tolerances and good mechanical properties at reduced total fabrication cost.  
Typical fiber volume fraction of above 55% with below 1% void content can be repeatable 
achieved bringing it close to autoclave properties.  In addition, the material suppliers have 
commercialized new toughened resin systems and non-crimp fabric materials. Automation is 
also available to reduce the expert’s input currently required to fabricate components.  Still, 
continued research is on-going to allow for a better understanding of the infusion process in 
particular when the system is scaled up to large and complex geometry components. 
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ABSTRACT: Advanced Liquid Composite Moulding processes using injection strategies 
with multiple gates often lead to unwanted filling patterns. Simulation and optimization can 
contribute to further enhance the filling process; nevertheless flow front confluences (weld 
lines) cannot be completely avoided. This paper presents the results of a study aiming at the 
investigation of the relationship between the confluence angle and the local laminate quality 
of the impregnated part. Part quality has been determined based on the porosity in the 
confluence zones and in the undisturbed part zones. A total of 108 specimens has been 
evaluated. Micrographic image processing has been done automatically by software to 
guarantee constant conditions for every image. Additionally, to globally visualize porosity, 
some parts have been processed using transmitted light and thermography. These inquiries 
allow a qualitative conclusion on the laminate structure and thus the porosity of the produced 
parts. 
 
The micrographic image processing clearly shows that porosity is significantly higher in the 
confluence area, depending on the confluence angle.  An angle of 20° (measured between the 
flow directions) leads to a porosity increase of approx. 1.5%, whereas an angle of 160° 
already increases the porosity more than 4%. 
 
 
KEYWORDS: Liquid Composite Moulding, Part Quality, Porosity, Flow front confluence, 
Confluence Angle, Weld line, Micrographic image processing. 
 
 

INTRODUCTION 
 
A variety of commercially available process simulation tools are used to support the 
development of Liquid Composite Moulding parts [1, 2]. In this context, LCM process 
optimization using Evolutionary Algorithms is an actual research topic [3-5]. Objective 
functions include filling time, fill grade and criteria related to laminate quality, one of them 
being the angle between two colliding flow fronts. As a worst case scenario, two flow fronts 
joining with an angle of 180° (“head-on”) will form voids, as either the entrapped air cannot 
move towards a vent or, in case of vacuum assisted injection, areas with dry or not completely 
impregnated fibres might be generated. Those effects are occurring at angles below 180°, 
although in alleviated manner. This paper presents an experimental investigation targeting the 
quantification of the impact of the confluence angle on the porosity of the final part. Several 
samples are produced and then analysed by micrographic images. 
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EXPERIMENTAL PROGRAMME 
 
The different confluence geometries are illustrated in Fig. 1. Samples have been manufactured 
in a glass tool, to be able to monitor flow front progression. Two symmetrically placed 
injection ports fill the form building a confluence zone between the two linear flow fronts. 
For this study, a biaxial (±45°) fabric from COTECH in conjunction with the SIKA Biresin 
L84T epoxy resin system were used. The resin was injected at 60°C (resin viscosity 60mPa s) 
with a constant pressure of 2 bar. 12 fibre layers were stacked into the cavity (height 5mm), 
resulting in a fibre volume content of 40.6%. As soon as complete cavity had been reached, 
the injection gates were closed. 
 
 

20° confluence angle 55° confluence angle 

 
 

90° confluence angle 120° confluence angle 

  

130° confluence angle 160° confluence angle 

  

 
Fig. 1  Sample parts 
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The specimens for micrographic analysis were cut out from the sample parts as illustrated in 
Fig. 1. The image layer is always in flow direction, as shown in Fig. 2. The fibre orientation is 
the same in all images. As the fabric is isotropic, the flow direction has no influence on void 
formation. 
 
 

 
 

Fig. 2  Specimen orientation 
 
 

RESULTS 
 
Table 1 and Table 2 show the porosity values for the samples in the confluence and in the 
undisturbed zone respectively. Average values are summarized in Table 3. Three experiments 
were carried out for every confluence angle. Fig. 3 shows a micrograph of a laminate 
produced with confluence angle 55°. On the left hand side, the original picture can be seen. 
The right hand side shows the corresponding binary picture (entrapments marked in black) 
including the measurement frame and the scale. The frame is chosen in a way that takes into 
account the inevitable shading of the picture in the corners. 
 
 

  
 

Fig. 3  Micrographic image of 55° sample. Right hand side picture shows binary 
representation for image data processing 

 
Cutting samples were taken at three different positions in the confluence zone (Fig. 1). To be 
able to better quantify the effect of the flow front confluence, additional specimens have been 
cut out from undisturbed part zones. The values obtained were used as a reference to exclude 
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effects not directly related to flow confluence. As shown in Fig. 4 the porosity increases with 
increasing confluence angle. 
 
 

Table 1  Porosity in confluence zone determined by micrographic image processing 
 

 
 
 

Table 2  Porosity in undisturbed part zones 
 

 
 
 

Table 3  Summary: Porosity due to flow front confluence 
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Fig. 4  Relative porosity vs. confluence angle 

 
It seems that the effect of the confluence angle on porosity is reducing with angles above 60° 
(Fig. 5). As the basic porosity is about 2% for all measured samples, the porosity caused by 
the confluence rises from values below 2% for an angle of 20° up to 4% for an angle of 160°. 
 
 

 
 

Fig. 5  Porosity growth rate vs. confluence angle. With increasing angle, the effect of the 
confluence diminishes 

 
 
Evaluation of global porosity 
 
Micrographics analysis only provides punctual information about laminate porosity. To obtain 
a global estimation of the porosity, images using transmitted light were produced for the parts 
with confluence angles of 55° and 160°. For this purpose, the laminates were placed into the 
manufacturing frame, as shown in Fig. 6, left hand side, laid on a light table and 
photographed with a digital camera. In undisturbed zones, the light is transmitted smoothly 
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through the part, whereas in the confluence zones, the light is scattered on the entrapped air, 
thus this zone appears darker than the rest. Fig. 6 shows the results for the 160° laminate. The 
confluence zone can be seen without magnification, as a darker area in the middle of the part, 
whereas for smaller angles it is more difficult to visualize the confluence zone. 
 
 

  

 
Fig. 6  Sample data processing using transmitted light: The area of interest is marked by the 

frame (middle image). The darker area resulting from the joining flow fronts is clearly visible 
 
Data processing was performed using Matlab. The color image was first converted in a 
greyscale image (using Adobe Photoshop). The interesting zone was then cut out for data 
analysis (Fig. 6, right hand side). Matlab reads the image as matrix of grey values and thus 
allows analysis of intensity values over every row and column, as well as calculation of mean 
values for rows or columns. 0 stands for pure black and 255 for pure white. Fig. 7 shows the 
photograph and the horizontal mean intensity for the 160° and 55° sample, respectively. 
 
The 55° sample is generally brighter; this is not only a result of better impregnation (due to 
the longer flow path and thus better wetting), but also due to white balance from camera 
software, because the 55° sample is bigger than the 160° sample. On both samples, the 
intensity increases toward the injection ports. This is in accordance to several sources [6, 7], 
stating worse part quality in the zone near the vents. However, to be able to correlate intensity 
values to porosity content, a wider range of images would be required, an the photographs 
would have to be taken in a dark room using RAW format, as this prevents any automatic 
image correction and white balance. 
 
 

94



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 
Confluence angle 160° 

 

Confluence angle 55° 

 

Fig. 7  Image processing using transmitted light: mean of grey value vs. image height 
 
 

CONCLUSIONS 
 

The results of this study have highlighted the influence of flow front confluences on the 
laminate porosity. This parameter needs to be taken into account during process development. 
In order to achieve optimum laminate quality, suitable filling patterns should have as few 
confluences as possible. In any case, the angle between the joining flow fronts should not 
exceed 60°. These results are particularly important for injection processes using multiple 
gates. 
 
As a next step we plan to implement the results of this study in FELyX [8], our simulation 
and optimization software. Confluence length and angle will be included in the objective 
function of the Evolutionary Algorithm. 
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ABSTRACT: Resin Transfer Moulding (RTM) process is a commonly used technique for the 
manufacture of advanced composite structures. This study explores the potential of wood 
fibres as reinforcement for RTM preforms, considering mats produced using dry and wet 
methods. The compaction response of these mats has been investigated with and without the 
presence of a test fluid, required compression loads being measured up to a fibre volume 
fraction of 0.4. A complex non-elastic compression response was observed which has 
significant influence on forces applied to moulds. In addition, permeability of these mats was 
measured as a function of fibre volume fraction. Reinforcement permeability and compaction 
response data were used to model a simple RTM process. Simulation results were compared 
with RTM experiments completed at two different fibre volume fractions. 
 
KEYWORDS: Wood Fibre Mat, RTM, Compaction Response, Permeability. 
 
 

INTRODUCTION 
 
Resin Transfer Moulding is a closed mould composite manufacturing process in which a 
thermoset resin is injected into a mould cavity filled with reinforcing fibre. RTM process 
simulations are valuable for assessing production parameters, and for improving the quality of 
manufactured products. Important input parameters for RTM simulations include permeability 
characteristics and compaction response of the fibre reinforcement [1-3]. Conventionally, 
synthetic fibres such as glass, carbon and aramid are used as reinforcing materials. However, 
natural fibres such as wood, hemp, flax and sisal have attracted attention due to their low cost 
and environmental impact. Application of wood fibres is the focus of this paper, several mat 
styles being characterised and then utilised in RTM experiments. Modified paper 
manufacturing techniques were employed to prepare two types of wet formed mats, while the 
other two mats were dry formed. Only one type of wet and one type of dry formed mats are 
discussed in this paper.  
 
The wood fibres used in this study are short in length (3 ~ 4mm), and require formation into 
easily handled “mats” before placement in an RTM mould. A detailed characterisation study 
has been performed on these reinforcements. For comparison to a typical synthetic fibre 
reinforcement, data was also collected for a glass fibre Continuous Filament Mat (CFM). A 
series of RTM experiments were performed, comparing fill times and clamping forces for the 
reinforcements studied. A simulation study is also presented, highlighting the implications. 
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MATERIALS PREPARATION 

 
Radiata pine (Pinus Radiata D. Don) is classified as a soft wood. To use wood fibres as 
reinforcement for composite materials, these fibres can be separated and formed into mats. 
The process used to reduce wood into its component fibres is known as “pulping”. High 
Temperature Thermo Mechanical Pulp (HTMP) prepared at Scion has been used in this 
project. The dry formed mats were prepared using a Dry Mat Former (DMF) developed at the 
University of Auckland. The wet formed mats were produced using a standard Papier 
Dynamic Former (PDF) at Scion. Fibres for this process were treated with latency removal 
(treatment under high temperature). CFM was used as a comparison to the wood fibre mats. 
CFM was chosen as it exhibits isotropic flow characteristic, and is commonly used as 
reinforcement in composites industry. 
 
 

 
        (a)          (b)             (c) 

Fig.1 SEM images showing comparison between dry formed, wet formed and glass fibre 
mats: (a) Dry formed DMF mat, (b) Wet formed PDF mat and, (c) CFM. 

 
Fig. 1  depicts SEM images demonstrating differences between the dry formed (Fig. 1a) and 
wet formed (Fig. 1b) mats, and the CFM (Fig. 1c). This shows that latency removal not only 
removed curls and extractives, but also removed flake like fines on fibre surfaces. These 
extractives and fines are likely to affect fibre to fibre friction, which will have an influence on  
compressibility and permeability.  Lignin in the fibre cell wall is not removed, which is 
essential to maintain fibre stiffness. The fibre bundles in CFM are evident from Fig. 1c, 
whereas the wood fibres are individual fibres held together by frictional forces between 
fibres, and fibre/fibre interfacial bonding. 
 
 

CHARACTERISATION AND RTM EXPERIMENTS 

Experimental equipment 
                                                                                                                                                                 
Fig. 2 presents a schematic of the reinforcement characterisation and RTM setup. A two piece 
aluminium mould was installed in an Instron 1186 testing machine. The upper platen was 
attached to a 200 kN load cell, and the lower platen was attached to the moving Instron 
crosshead. The mould has a central fluid inlet gate. A pressure transducer and shut off valve 
were positioned at this gate. The shut off valve prevents fluid flowing out of the mould during 
compaction experiments, allowing the central gate pressure to be recorded. A temperature 
sensor was placed inside the mould cavity to record any change in temperature, and hence 
fluid viscosity. Any deflection of the upper platen was monitored using a laser displacement 
gauge. Mineral oil (Mobil Vacuoline 1405) was used in this study as a test fluid to simulate a 
thermoset resin. The oil viscosity was found to be of 0.09 to 0.068 Pa.s, for a temperature 
range of 16 to 23oC. 
 

98



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

Compressed 
Air Supply 

Laser Gauge 

           Valve 

Pressure Pot 

Pressure 
Transducers 

 Load Cell 
Upper Platen 

Cross Head 
Motion 

Female Mould 

Preform 

Test  Fluid / Resin 

Calibrated Copper tube 

Temperature Sensor 

 
Fig. 2 Schematic diagram of the experimental characterisation and RTM setup. 

 
Compaction Experiments 
 
Table 1 provides the number of layers used in a sample of each type of reinforcement for all 
characterisation and RTM experiments. The mats were cut to a 20 cm diameter. A 1.5 cm 
diameter hole was punched in the center of all samples to establish 2D flow.   
 

Table. 1 Description of samples for characterisation and RTM experiments. 

Mat Fibre 
Material 

Assumed 
fibre 

density 
(gm/cm3) 

Manufacturing 
method 

Areal 
density 
(gm/m2) 

Thickness of a 
single mat 

(cm) 

No. of 
Layers 

Sample 
Diameter 

(cm) 
Lay up 

DMF Wood 1.5 Dry 350 ~ 400 0.45 ~ 0.5 5 20 0o/0o… 
PDF Wood 1.5 Wet 400 0.50 6 20 0o/90o… 
CFM Glass 2.58 - 450 0.15 8 20 0o/0o… 

 
Two types of compaction experiment have been performed. The “Dynamic” experiments 
were completed to characterise response during periods of constant speed compaction. To 
account for stress relaxation in a simple manner, the long term behaviour of the material was 
characterised using a “Static” compaction test. Both types of experiment were completed with 
and without the presence of the test fluid. 
 

Dynamic Compaction  
 

During the dynamic tests the reinforcement was compacted at constant speed to a target fibre 
volume fraction (Vf) of 0.4, followed by a 10 minute period in which the sample was held at 
constant thickness. After this time, most of the stress relaxation was judged to have occurred. 
The CFM samples were compacted at a speed of 8 mm/min, while the wood fibre mats were 
compacted at 2 mm/min. The slower speed was used for the wood fibre mats due to their low 
permeability. For the saturated experiments, fluid was injected into the mould cavity prior to 
the experiment. Fluid was injected at low pressure (~ 150 kPa), to avoid any disturbance of 
fibres near the injection gate.  
 

Static Compaction 
 

The preform samples were compacted to a number of progressively increasing target Vf’s (0.2 
to 0.4, at 0.05 steps) at a constant speed of 2 mm/min. The sample thickness was maintained 
constant for 10 minutes at each Vf, allowing the reinforcement to relax.  
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Permeability Experiments 
 
A pressure driven radial flow permeability measurement was performed in the same setup as 
for compaction. A 2000 mm long and 2.8 mm internal diameter copper tube was calibrated for 
use as a flow meter. The sample was first compacted to an initial Vf of 0.15. Fluid was then 
injected at low pressure, allowing the sample to fully saturate without disturbing the 
reinforcement architecture. The sample was then compacted to decreasing cavity thicknesses 
until the final Vf of 0.4 was reached. At each target Vf, constant fluid flow rate (Q) was 
established, and the required injection pressure (Pinj) measured. Several flow rates were used 
at each Vf to check proportionality to the measured pressure drop. The permeability of the 
reinforcement was calculated by the following equation,  

⎟
⎠
⎞⎜

⎝
⎛=

i

o

inj
r

r
hP
QK ln

2π
µ ,     (1) 

where K is the isotropic permeability, h is the cavity thickness, and ro, ri are the outer and 
inner radii of the sample respectively. See [4] for further details. 
 
RTM Experiments 
 
The RTM preforms were compacted at a constant speed of 25 mm/min until the target cavity 
thickness was reached. The test fluid was injected at a constant pressure of 300 kPa. Two 
experiments were carried out for each reinforcement at Vf’s of 0.3 and 0.4.  
 
 

RTM PROCESS MODELING 
 
Sample analyses of an RTM filling process are presented here. A flat circular part geometry 
has been considered, comparing predicted and experimental fill times and clamping forces 
required for application of the wood fibre mats and CFM.  
 
Flow Modeling 
 
Resin flow through the fibrous preform has been assumed to follow Darcy’s law, resin 
velocities remaining in-plane. Simulations presented in this paper are based on empirical 
curve fitting of compaction and permeability data. The permeability data can be represented 
by: 

)..(exp.)( ff VYXVK = ,    (2) 
where X and Y are constants defining the material.  
 
Compaction Models 
 
Deformation models to capture time dependent stress relaxation are under development [5]. A 
mixed elastic approach is applied here, which gives an approximation to the stress relaxation 
behaviour. Different elastic models are applied (dynamic dry, static dry and saturated) during 
an RTM cycle, depending on the local state of the reinforcement (i.e. cavity thickness 
reducing or constant, saturated or dry). For more details see [6].  Empirical curves have been 
fitted to each of the dynamic and static experiments. A five term polynomial provides an 
accurate fit over a wide range of fibre volume fractions. 

EDVCVBVAVV fffff ++++= 234)(σ ,    (3) 
where A, B, C, D and E are model parameters. 
 
Force analysis 
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Two force components act on an RTM mould, one due to the fluid pressure generated, Ffluid, 
and the other due to the compaction stress carried by the preform, Ffibre. The total clamping 
force is assumed to be the sum of these two components. 

fluidfibreclamp FFF +=      (4) 
 
 

RESULTS AND DISCUSSIONS 
 
Compaction 
 
Fig. 3 presents both dry and saturated dynamic and static compaction response of  DMF, PDF 
and CFM respectively. All mats exhibit stress relaxation. The PDF mats exhibit a peak stress 
of approximately 3400 kPa for dry dynamic compaction. DMF mats are less stiff with a peak 
stress of approximately 2500 kPa at the same Vf. This possibly is due to clumping of fibres 
into bundles, resulting in larger gaps being available for the structure to reorganise during 
compaction. The peak stress for the dry and saturated CFM is approximately 3 to 4 times less 
than that of wood fibre mats. 
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Fig. 3 Dry and saturated dynamic and dry and saturated static compaction response of (a) 
DMF, (b) PDF and, (c) CFM.

 
The dashed lines in Fig. 3 show compaction behaviour of reinforcing mats infiltrated with 
mineral oil. The DMF mat exhibit a peak stress of approximately 2300 kPa for dynamic 
compaction. Therefore, the presence of mineral oil has little influence on the compaction 
behaviour of the DMF, signifiying a small fibre lubrication effect. PDF showed greater 
potential for fibre lubrification under wet compaction, possibly due to the relatively smooth 

101



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

surfaces formed by latency removal. CFM also displayed fibre lubrification, common for 
glass reinforcements [7]. Similar trends were found for the static compaction curves.  
 
Permeability 
 
Permeability data collected is presented in Fig. 4. The permeability of all three reinforcements 
decreases with increasing Vf as expected. Exponential trend lines are shown for each mat type, 
providing good fits over the range of Vf addressed. The DMF mats exhibit higher permeability 
as compared to PDF, possibly due to the formation of bundles, which then generate larger 
paths for flow. Across the range of Vf considered, permeability of the wood fibre mats is 
approximately two orders of magnitude lower than that of CFM. The wood fibre mats exhibit 
lower permeability as they are formed from individual fibres, as opposed to CFM which is 
formed from a continuous bundle of approximately 200 fibres. The compressed mats of 
individual wood fibres provide extremely torturous paths for resin flow, with very small 
effective diameter. CFM represents a more efficient packing of fibres, offering larger flow 
paths.  
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Fig. 4 Permeability comparison between the wood fibre mats and CFM. 

 
RTM Experiments and Predictions 
 
RTM clamping force traces for both wood fibre mats and the CFM are presented in Fig. 5. 
The RTM process predictions compare well with experiments completed at Vf = 0.3  and 
0.4.In each experiment, the preform is compacted to the target Vf. This operation is completed 
at t=0 second and fluid injection is initiated. A significantly larger peak force is generated 
during initial compaction of the wood fibre mats, due to higher resistance to compaction. All 
predicted traces show a sudden drop in clamping force at t=0 seconds, as stress relaxation is 
assumed to occur instantaneously. It is clear that clamping forces after initial compression are 
strongly influenced by stress relaxation in the preform. These effects cannot be captured by a 
purely elastic preform compression model. At the completion of injection, the force drops due 
to the release of fluid pressure. The DMF mat fills in 187 and 380 seconds experimentally for 
Vf = 0.3 and 0.4 respectively. The predicted fill time were 163 and 332 seconds. The PDF mat 
fills in 258 and 468 seconds experimentally, and 252 and 527 seconds numerically. The peak 
clamping forces for both DMF and PDF at Vf = 0.4 are slightly over predicted. The CFM 
preforms take almost 70 to 80 times less time to fill, and require 3 to 4 times lower clamping 
forces. This is a consequence of their low permeability and greater resistance to compaction. 
The relatively large tooling forces and filling time for the wood fibre mat are expected based 
on the characterisation study.  
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Fig. 5 Comparison of numerical and experimental RTM clamping forces. (a) DMF Vf = 0.30, 
(b) DMF Vf = 0.4, (c) PDF Vf = 0.30, (d) PDF Vf = 0.4, (e) CFM Vf  = 0.30, (f) CFM Vf = 0.4 
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CONCLUSION 

 
The main focus of this study has been to characterise wood fibre mats, assessing their 
potential for use in the RTM process. One type of dry formed mat and one type of wet formed 
mat were compared with CFM. The DMF mat is different in structure from the PDF mat due 
to greater amounts of fibre clumping and fibre interlocking. Fibres in the PDF mats are well 
separated and more evenly distributed. A range of compaction tests were carried out to 
compare dry and saturated preform samples. It was noted that the wood fibre mats required 
significantly larger force to compact to at similar fibre volume fractions as compared to the 
CFM. Of the wood fibre reinforcements, the DMF mats were the easiest to compress, 
attributable to the larger amount of fibre bundling. The DMF mats exhibited higher 
permeability than PDF mats due to larger channels open for fluid flow. It was found that the 
wood fibre mats have permeability two orders of magnitude lower than the CFM. An 
experimental study of the clamping force and fill time required during an RTM process was 
also presented, demonstrating the influence of non-elastic reinforcement deformation. RTM 
filling simulations were presented utilising a mixed elastic model approach. This approach 
has provided good predictions for clamping forces and mould filling time. While a time 
dependent deformation model is in development, this mixed model provides an attractive 
alternative for modelling RTM. 
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ABSTRACT:  The aim of this work is to evaluate the effect of the fibers alkali treatment on 
the injection processing. Woven jute preforms were used to prepare the composites using the 
vacuum infusion technique. The fibers were treated with NaOH (5 wt%) for 24 h at room 
temperature. Single filament tests showed that the treatment was detrimental for the 
mechanical properties of the fibers. The injection times increased in the treated jute preforms 
as a consequence of the increase in the exposed area and the flow resistance. The preform 
permeability decreased, also, in the tubular structure collapse of the fibers, which could 
reduce the capillary pressure. Flexural and impact properties of the treated jute composites 
decreased mainly in the lower mechanical properties of the fibers. 
 
 
KEYWORDS: Natural fiber composites, vacuum infusion, alkali treatment, processing 
conditions, preform permeability, mechanical properties. 
 
 

INTRODUCTION 
 
The idea of replacing glass fibers with natural fibers in composite materials is increasing.  
The success of natural fiber composites (NFCs) depends on their ability to overcome their 
main disadvantages (low fiber/matrix adhesion, fluctuations in fiber properties, low thermal 
and fire resistance) and the possibility of using well-studied glass fiber reinforced plastics 
(GFRP) processing techniques. Different approaches have been used to improve NFCs 
performance.  
Chemical treatments of the fibers [1, 2], chemical modification of the resins [3, 4] and 
coupling  agents [2, 5] have been employed to enhance fiber/matrix adhesion.  Although 
many chemical treatments have proved to be suitable for enhancing NFCs mechanical 
properties, it is difficult to select the best treatment for a particular fiber. The intrinsic 
differences of natural systems coming from diverse geographical regions and different 
harvesting, production and processing condition make the available results difficult to 
compare, even for the same kind of fiber. A relatively simple chemical treatment is the alkali 
treatment (mercerization), which has been successfully used in fibers like jute, sisal, hemp, 
palm or flax [1-2,5]. In cotton there is more than a century of experience in the use of 
mercerization to improve fibers performance.  
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Regarding the processing technique, in vacuum infusion , a liquid resin is introduced into a 
closed mold with the dry reinforcement inside. The closed system eliminates most of the 
fumes that are liberated in hand lay-up.  These methods allow better control over part 
dimensions and fiber volume fraction. Hence, resin infusion methods overcome many of the 
limitations of wet lay-up processes and have low cost. This is compatible with its use with 
low-cost fibers. Among all the natural reinforcements, jute appears to be a promising fiber 
suitable for vacuum infusion, because it is relatively inexpensive and commercially available 
in the required form.  
In this work, natural fiber composites were obtained by vacuum infusion using untreated and 
alkali-treated jute fabrics.  The effect of the treatment on the mechanical properties of the 
fibers, the processing conditions (injection times, flow pattern, perform impregnation) and the 
mechanical properties of the composites was studied.  Although many studies about chemical 
treatments of natural fibers can be found in the scientific literature, there is very few research 
in which its influence on the whole obtaining process (fiber and matrix, processing and final 
product) is analyzed. The intention of the work was not to obtain the best treatment 
conditions, but rather to make evident the effects of the treatment on fibers, composite 
properties and on the processing conditions.  
 
 

EXPERIMENTAL 
 
Commercial jute bi-directional fabrics were used as reinforcement. The matrix was an epoxy 
vinylester resin: Derakane 411-350 Momentum from Dow Chemical. VE resin containing 45 
wt% styrene was used as purchased without removal of inhibitors. The initiating system was 
comprised of methyl ethyl ketone peroxide (MEKP, 1.5 wt%) together with cobalt nafthenate 
(0.6 wt%).  
The fibers were washed with detergent (2 vol% in aqueous solution, 15% active matter) and 
then immersed in beakers with a solution of 5 wt% NaOH for 24 h at room temperature. After 
that, the fibers were washed thoroughly with distilled water to remove the excess of NaOH 
and dried at 70ºC for 24 h under vacuum. The major fibres constituents (α-cellulose, 
hemicellulose and lignin) of the untreated and alkaline-treated jute fibre samples were 
determined by chemical analysis following standard procedures. The results are listed in 
Table 1.  
 

Table 1.  Jute chemical composition 
 

Component (%) Treated Untreated 
α-Cellulose 80.3 71.1 
Hemi-cellulose 9.6 15.9 
Lignin 7.6 11.8 
Other components 
(ash, water, pectins) 2.5 1.2 

 
Composites with 30 vol% of reinforcement were prepared using the vacuum infusion 
technique. Injections were conducted on an acrylic mold with a 4mm x 10mm x 450mm 
rectangular cavity. The resin enters through an injection point located on one side of the mold 
and the suction point was located in the opposite side. Two injections were performed for 
each kind of composite. Molded plaques were cured at 80ºC for 2 h, and post-cured at 110ºC 
for 3 h.  
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RESULTS AND DISCUSSION     
 
- Effect of the alkali treatment on the fiber properties 
 
After treatment, semicrystalline and amorphous portions in the fibers, such as hemicellulose, 
lignin and other alkali-soluble fraction, were preferentially removed. The following effects of 
the alkali treatment on natural fibers have also been reported in the literature: 
- It cleans fiber surface removing impurities, waxy substances and natural oils. It also 
produces a rough surface topography, facilitating mechanical interlocking which leads to an 
improvement in fiber-matrix adhesion. 
- Produces fiber fibrillation, i.e. axial splitting of the elementary fibers (or microfibers) that 
constitute the elementary fiber [3, 6]. This process leads to a decrease in fiber diameter, 
increasing the aspect ratio and the effective surface area available for wetting by a matrix in a 
composite. There is also an increase in fiber density as a consequence of the collapse of its 
cellular structure. 
- Increases the number of free hydroxyl groups in the fiber surface, which improves the 
adhesion with resins like polyester or vinylester.  
Also, there are more physical and chemical changes in the fibers affect the tensile modulus 
and the strength in an opposite manner. In favor: the decrease in spiral angle and the increase 
in crystallinity, the better rearrangement of the fibrils along the load axis and the increment in 
the fibers aspect ratio. Against: removal of lignin and hemicellulose, which play a cementing 
role, transferring the stress to the microfibrils. Therefore, the alkali treatment is an effective 
procedure to improve the mechanical properties of natural fibers, but its success depends on 
many variables, so it is very difficult to predict the effect over a particular natural system. 
In order to evaluate the effect of the treatment on the mechanical properties of the fibers used 
in this work, single filament tests were performed. Table 2 shows the results for untreated and 
treated fibers. Both tensile strength and modulus showed an important drop after the alkali 
treatment. The treatment used in this work produced an excessive extraction of lignin and 
hemicellulose, probably with damage in the ultimate cells walls. The decrease in elastic 
modulus is an evidence of the loss of cementing material in the fibers. Mannan and Talukder 
[7] obtained similar results for dewaxed and delignificated jute. The fibers were treated with 
17.5% NaOH for 1h at room temperature. On the other hand, Gassan and Bledky [8] reported 
an important increase in modulus and strength of jute yarns treated with a dense caustic soda 
solution (25 wt%) for 20 min under isometric conditions (the fibers are not allow to shrink). 
When the shrinkage is avoided, the tensile stresses developed in the fibers produce 
microfibrills orientation that is responsible for the increase in modulus. In slack conditions 
(free shrinkage) the authors reported a decrease in fibers modulus. Other authors [6, 9] have 
reported improvement in jute composites mechanical properties after fibers alkali treatment 
with solutions in the range of 5 to 10 % o NaOH for about 4h at room temperature. 
 
 
 
 

Table 2. Single filament tests results 
 

Fiber Modulus (GPa) Strength (MPa)
Untreated 30 ±14 505 ±165 

Alkali-treated 12,2 ± 5,2 326 ±150 
 
- Effect of the alkali treatment on the processing conditions 
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In reference to the processing conditions, the pressure difference needed to obtain an injection 
time (tinj) of 60 seconds was calculated using Equation 1, derived from Darcy’s law for 
constant pressure flow. The porosity (φ) and the resin viscosity (µ) at the temperature of each 
injection were used for the calculations. The permeability values for each porosity (Kpreform) 
were calculated using the Carman-Kozeny model (Equation 2) and the constants for the 
model (n, C) were taken from previous work of untreated and non-washed jute [10]. The 
obtained injections times were 95 and 90 seconds for the untreated jute fabric and 135 and 
128 seconds for the treated one. The processing conditions for two injections are summarized 
in Table 3.  
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where, ∆P is the pressure difference driving the flow, Lmold is the flow front position. 

In all of the injections conducted, the obtained injection time was higher than the estimated. 
This could be attributed to the decrease in the fabric permeability. The permeability values 
used in the calculations correspond to “as received” jute. When the fibers are washed, the 
coatings added to facilitate the woven/weaving procedure (potato starch and waxes) are 
eliminated and the fiber surface became rougher. Then, there is an increment in the exposed 
area and therefore in the flux resistance. Injection time was higher in the mercerized fabric 
because the treatment produced fiber fibrillation, i.e. axial splitting of the elementary fibers 
(or microfibers). This process led to a decrease in fiber diameter, increasing the exposed area 
even more than in the only washed fibers.  

Table 3. Main processing variables 

 
Variable Injection with 

untreated jute 
Injection with 

treated jute 
Porosity 0.70 0.69 
Kpreform (m2) 4.25 x 10-9 4.63 x 10-9 
∆P (hPa) 625 570 
µ (Pa.s) 0.310 0.263 
tinj estimated (s) 60 60 
tinj actual (s) 95 135 

 

 There is another factor that can increase injections times: the decrease in capillary 
pressure. During the injection, the resin can flow either among the bundles that constitute the 
preform (macroflow) or inside the bundles, i.e. among the fibers filaments (microflow) [11]. 
In natural fibers the possibility of resin flow inside the fibers lumen also exists. The driving 
force for the microflow is the capillary pressure developed in the intratow region that should 
be added to the static pressure in Darcy’s law in order to have more accurate results. But if 
the collapse and compacting of the fibers structure occurs during mercerization, the 
microscopic flow is inhibited and the volumetric flow rate should decrease. There is no 
agreement in the literature on the real effect of the microflow on the injection times. Dungan 
and Sastry [12] claimed that the microflow decrease the overall permeability by increasing 
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penetration times due to the required wetting of the tows. The evidence for their proposal was 
the higher values of the saturated (or wet) permeability in comparison to the unsaturated (or 
dry) permeability. Pillai and Advani [13] explored the effect of delayed impregnation of fiber 
tows in porous media constituted of woven fiber mats. They modeled this phenomenon by the 
inclusion of a “sink” effect (or negative source term) in the equation of continuity for the flow 
in the intertow regions. On the other hand, other authors [14, 15] found that the capillary 
pressure can produce a wicking flow that is faster than the macroflow, obtaining unsaturated 
permeability values higher than the saturated ones. Chang and Morgan [16] explained that the 
wicking flow could be faster or slower than the macroflow depending on the relative values of 
capillary and viscous forces. The last ones dominate at high impregnation velocities, i.e., low 
porosities or high injection pressures. In the case of this work, the injection pressure is 
relatively low so a positive contribution of the capillary pressure to the permeability is 
expected, resulting higher in the untreated jute fabric than in the alkali treated one.  

 
- Effect of the alkali treatment on the composites properties 
 
The results of the mechanical properties of the composites are summarized in Table 4. In 
general, mechanical performance of a fiber composite basically depends on the strength and 
toughness of the matrix, and efficiency of interfacial stress transfer [5]. Specifically, the 
modulus does not depend on interface adhesion. The elastic stiffness is defined as the strain 
approaches to zero; thus the degree of adhesion has no bearing on the elastic stiffness of the 
system. The decrease in flexural modulus observed in the alkali treated jute composites 
compared to the untreated ones, is a consequence of the decrease in fibers modulus. The same 
trend was observed for the flexural strength.  

Table 4: Mechanical properties of the composites 

Property untreated jute 
composite 

treated jute 
composite 

Flexural modulus 
(GPa) 

6.6 ± 0.5 5.5 ± 0.2 

Flexural strength 
(MPa) 103 ± 6 83 ± 6 

Impact Energy (J/m) 56.5 ± 2.4 47.2 ± 4.2 
 

The impact tests showed that the impact energy of the composites decreased when the jute 
fibers were treated. This result was predictable considering the factors that affect energy 
consumption during the impact:   

- fiber/matrix adhesion: as explained before, an increase in the interfacial strength, which is 
expected after treatment, reduces energy consumption by avoiding fiber pull-out. In this case, 
the fracture of the material takes place with little change in the cracking plane, breaking the 
fibers instead of pulling them out. 

- Fibers mechanical properties: their decrease after treatment is obviously unfavorable for the 
impact resistance. 

- Fibers spiral angle: Pavithran et al. [17] found that fibers with high spiral angle formed 
composites with higher toughness than those with small spiral angles. Even though the 
comparison was done among different kind of fibers, the decrease in spiral angle that takes 
place during alkali treatment should be detrimental for the composites toughness. 
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- Analysis by scanning electron microscopy 
 
 In order to have a better understanding of the effects of alkali treatments on the jute 
composites, SEM micrographs were obtained form the fractured surface of the composites. 
Figures 1a-c-e and 1b-d-f shows the micrographs for the untreated and treated jute composites 
respectively. Fibrillation and diameter reduction is evident in the alkalized jute (Fig. 1b). Fig. 
1d and 1f also show the damage in the cell walls and a rougher fiber surface. Also, the 
collapse of fibers lumen can be seen. This is responsible for the decrease in capillary pressure 
and therefore in preform permeability. On the contrary, the untreated jute (Fig. 1c and 1e) 
shows open lumens, which in many cases are full of resin (marked with arrows). Both 
composites showed good fiber-matrix adhesion and low pull-out, which is consistent with the 
results obtained in previous work [18].   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  SEM micrographies of the fracture surface of the composites 

 
 

 
CONCLUSIONS 

 
As a consequence of the severe alkaline treatment that was applied to jute fibers in this work, 
the following effects could be seen in fiber properties and processing conditions:  
- The longer injections times obtained for the treated jute preforms were due the more 
compact and rougher fiber surface that produced the treatment. A lower capillary pressure 
that leads to lower preform permeability was expected as a consequence of the fiber lumen 
collapse that could be observed by SEM. 
-The alkali treatment produced a drop in both tensile strength and Young’s modulus of the 
fibers. This was attributed to the damage induced in the cell walls and the excessive 
extraction of lignin and hemicellulose, which play a cementing role in the structure of the 
fibers. 
- The treatment also produced fibrillation, i.e. splitting of the microfibers that compound the 
technical fiber. This process leads to diameter lowering and higher dispersion in strength 
values. The high dispersion that presented the modulus values was in part due to deviations of 
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the cylindrical model for the fibers used in the diameter determination: optical micrographs 
showed that some of the fibers were split, had ramifications and presented a tape form rather 
than cylindrical.  
- The composites processed presented a brittle behavior with lower flexural and impact 
properties in the case of the composites reinforced with treated jute. The drop in the 
mechanical properties of the fibers was the main cause of these results.  
 
 

ACKNOWLEDGMENTS 
 
The authors acknowledge to the National Research Council of Argentina (CONICET) for the 
financial support. 

REFERENCES 
 
1. I. Van de Weyenberg, J. Ivens, B. De Coster, B. Kino, E. Baetens and I. Verpoest,  
“Influence of processing and chemical treatment of flax fibres on their composites”, Comp Sci 
Technol, Vol. 63, 2003 pp. 1241-1246. 
 
2. P. Gañan, S. Garbizu, R. Llano-Ponte and I. Mondragón, “Surface modification of sisal 
fibers: effects on the mechanical and thermal properties of their epoxy composites”, Polymer 
Composites, Vol. 26, no.2, 2005 pp. 121-127. 
 
3. M.Z. Rong, M.Q. Zhang, Y. Liu, Z.W. Zhang, G.C. Yang and H.M. Zeng, “The effect 
of fiber treatment on the mechanical properties of unidireccional sisal-reinforced epoxy 
composites”, Comp Sci Technol, Vol 61, 2001 pp. 1437-1447. 
 
4. D. Ray, B.K. Sarkar and N.R. Bose, “Impact fatigue behaviour of vinylester resin 
matrix composites reinforced with alkali trated jute fibres”, Composites: Part A, Vol. 33, 
2002 pp. 233-241. 
 
5. A.C. Albuquerque, K. Joseph, L. Hecker de Carvalho and J.R. Morais d’Almeida, 
“Effect of wettability and ageing conditions on the physical and mechanical properties of 
uniaxially oriented jute-roving-reinforced polyester composites”, Comp Sci Technol, Vol. 60, 
2000 pp. 833-844. 
 
6. J. Gassan and A.K. Bledzki, “Posibilities for improving the mechanical properties of 
jute/epoxy composites by alcali tratment of fibres”, Comp Sci Technol, Vol. 59, 1999 pp. 
1303-1309. 
 
7. H.A. Aziz, M.P. Ansell, S.J. Clarke and S.R. Panteny, “Modified plyester for natural 
fibre composites”, Comp Sci Technol, Vol. 65, 2005 pp. 525-535. 
 
8. A. O’Donell, M.A. Dweib and Wool RP, “Natural fiber composites with plant oil-based 
resin”, Comp Sci Technol, Vol. 64, 2004 pp. 1135-1145. 
 
9. Kh.M. Manan and M.A.I. Talukder, “Characterization of raw, delignified and bleanched 
jute fibres by study of absortion of moisture and some mechanical properties”, Polymer, Vol. 
38, no.10, 1997 pp. 2493-2500. 
 

111



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

10. E. Rodríguez, F. Giacomelli and A. Vázquez, “Permeability-porosity relationship in 
RTM for different fiberglass and natural reinforcements”, Journal of Composite Materials, 
Vol. 37, no.3, 2004 pp. 259-268. 
 
11. R.S. Parnas, A.J. Salem, T.A.K. Sadiq, H-P. Wang and G. Advani. “The interaction 
between micro- and macroscopic flow in RTM preforms”, Composite Structures, Vol. 27, 
1994 pp. 93-107. 
 
12. F.D. Dungan and A.M. Sastry, “Saturated and Unsaturated Polymer Flows: 
Microphenomena and Modeling”, Journal of Composite Materials, Vol. 36, no.13,  2002 pp. 
1581-1603. 
 
13.  K.M. Pillai and G. Advani, “A model for unsaturated flow in woven fiber preforms 
during mold filling in resin transfer molding” Journal of Composite Materials, Vol. 32,  1998 
pp. 1753-1783. 
 
14. Y. Luo, I. Verpoest, K. Hoes, M. Vanheule, H. Sol, A. Cardon, “Permeability 
Measurement of Textile Reinforcements with Several Test Fluids.Composites: Part A Vol. 32, 
2001 pp.1497-1504. 
 
15. G-W. Lee, N-J. Lee, J. Jang, K-J. Lee and J-D. Nam, “Effects of surface modification 
on the resin-transfer moulding (RTM) of glass-fibre/unsaturated-polyester composites”, Comp 
Sci Technol, Vol. 62, 2002 pp. 9-16. 
 
16. A.W. Chang and R.J. Morgan. Tow impregnation during Resin Transfer molding of bi-
directional nonwoven fabrics, Polymer Composites, Vol. 14, no 4, 1993 pp. 335-340. 
 
17. C. Pavithran, P.S. Mukherjee, M. Brahmakumar and A.D. Damodaran, “Impact 
properties of natural fibre composites”, Journal of Materials Science Letters, Vol.6, no.8, 
1987 pp. 882-884. 
 
18. E. Rodríguez, R. Petrucci, D. Puglia, J.M. Kenny and A.Vázquez,  “Characterization of 
composites based on natural and glass fibers obtained by vacuum infusion”, Journal of 
Composite Materials, Vol. 39, no.3, 2005 pp. 265-282. 
 

112



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

 
 
 

Session 3 
 
MODELLING 
 
 

113



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

 

114



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

A NEW FORMULATION FOR THE INFUSION OF A 
THERMO-REACTIVE RESIN INTO A COMPOSITE 

DEFORMABLE MEDIUM 
 
 

P. Celle 1, S. Drapier 2, and J. M. Bergheau3

 
1 MeM/SMS 
Ecole Nationale Supérieur des Mines de Saint-Etienne 
158, Cours Fauriel, F-42023 Saint-Etienne Cedex 2, FRANCE: celle@emse.fr
 
2 BioMM/CIS 
Ecole Nationale Supérieur des Mines de Saint-Etienne 
158, Cours Fauriel, F-42023 Saint-Etienne Cedex 2, FRANCE: drapier@emse.fr
 
3 Laboratoire de Tribologie et Dynamique des Système, UMR 5513 CNRS/ECL/ENISE 
Ecole Nationale d’Ingénieurs de Saint-Etienne 
58, rue Jean Parot, F-42023 Saint-Etienne Cedex 2, FRANCE: bergheau@enise.fr

 
 

ABSTRACT: Dry manufacturing composite processes consist in mixing reinforcements and 
resin during the final manufacturing stage, thus reducing storage and manufacturing cost. 
When furthermore, resin flow takes place in the through-thickness direction (infusion), it is 
possible to improve the quality of the final part and reduce tooling costs. However infusion 
processes are not fully predictable, mainly thickness and porosity are not straight to estimate. 
A numerical predictive model would be a proper candidate to help in developing and 
finalizing new composite solutions. In the present paper a complete model for the study of 
resin flow inside and outside a deformable porous medium is presented. This multi-physical 
model deals with mainly two types of problems. First, the interaction phenomena between the 
resin flow in a highly compressible preform, and second the coupling condition between this 
wet preform area and a purely fluid region.  
 
 
KEYWORDS: infusion – Stokes – Darcy – FEM: Finite Element Method – composites 
materials – ALE Formulation – resin flow – LRI: Liquid Resin Infusion – RFI: Resin Film 
Infusion 
 
 

INTRODUCTION 
 
Resin Film Infusion (Figure 1-a) and Liquid Resin Infusion (Figure 1-b) consists in the 
infusion of a thermo-reactive resin in the preform transverse direction. Here, the RFI process 
is studied since its modeling leads to more exhaustive models than the LRI process. In this 
process, a dry fibrous preform is placed above a resin film. This assembly is enclosed in a 
vacuum bag, and a temperature cycle prescribed by an autoclave decreases the film resin 
viscosity until it becomes liquid. Then, vacuum induces a reaction pressure which leads to the 
impregnation of the preform by the resin in the transverse direction. 
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Fig. 1  Composite manufacturing processes by infusion – RFI (a) – LRI (b) 
 
Infusion normal to the preform plane gives two advantages. First, time cycles are shorter due 
to the reduced distance resin has to travel. Second, the quality of impregnation is better when 
infusion of resin and its cure are dissociated. However, the thickness and the porosity of the 
finished part are not easily predictable. Currently in the literature there is no complete model 
able to describe the whole process due to complex mechanisms interacting. Here we propose 
a model able to describe the interaction phenomena between the porous medium and the fluid 
part, i.e. the flow in a deformable medium and conversely the modified mechanical response 
of the wet solid. This model is completed by a new boundary condition between the porous 
part and the purely fluid region. 
 

THE PROPOSED MODEL 
 
The following notation are used: a superscript is used to refer to the considered area (wet or 
dry preform f , resin ). An index is related to the component (fiberr f , resin or virtual 
domain introduced to deal with ALE formulation). We write down 

r
d x  the material 

coordinates, X the initial coordinates, χ the reference coordinates used to tackle the ALE 
formulation. 
 
The selected model 
 
From industrial point of view, a macroscopical approach must be considered. This approach 
yields to reasonable computation times for such a heterogeneous structure. The proposed 
model relies on a homogenous representation of 3 regions connected with moving boundaries 
(see Figure 2): dry preform, wet preform and purely fluid region. 

PREFORM

PREFORM + RESIN

RESIN

Temperature boundary 
condition 

Solid boundary 
condition

Fluid boundary 
condition

Pimp 

Timp 

vimp = 0 

pimp = 0 
or 
pimp = patm 

uimp 

 
Fig. 2  Composite manufacturing processes by infusion – RFI (a) – LRI (b) 

 
Macroscopical models for every component in each area are used to take into account the 
interactions between the components directly in mass balance and momentum conservation 
equations. 
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Modeling of the fluid flow 
 
In this process, the resin flow is laminar (low Reynolds numbers). This resin behaves as a 
Newtonian incompressible fluid. Hence, inertial forces are negligible compared to viscous 
forces. The two areas concerned by the resin flow (wet preform and purely fluid region) 
undergo large rotations and deformations during the flow which prevent the model from using 
an Eulerian formulation to deal with the fluid flow. 
 
ALE Formulation  
The Aribitrary Lagrangian Eulerian formulation is an excellent way to study moving 
boundary problems for fluid flow. The formulation combines the best aspects of Lagrangian 
and Eulerian schemes, by introducing a reference domain where computations are performed. 
Hence, this formulation allows to study flows in a deformable area since this reference 
domain (coordinate χ ) is attached to the mobile domain where fluid flow occurs. Moreover, 
this formulation permits to represent any change of properties (mechanical, compaction …) of 
the mobile domain and its consequence on the fluid flow. From a computational point of view, 
the quasi-Eulerian formulation is often used as the Cauchy stress tensor is employed instead 
of the First Piola Kirchhoff tensor.  This formulation gives a new expression for the material 
derivative of any function f which has to be used in Eulerian conservations equations [2]: 

( ) ( ) ( ) (, ,
, ,x

Df t f t
c x t f x t

Dt t
χ

χ χ∂
= + ⋅∇

∂ r

)
r r

rr r r    (1)  

where  is the convective velocity, i.e. the relative velocity between the resin particle 

 and the velocity of the corresponding virtual domain 
( ,c x tr r )

)( ,rv x tr r ( ),dv x tr r . 
 
Flow in the wet preform 
The capillary effects between fibers and resin can be neglected since it is reckoned that 
applied external pressure overrides surface tension effects. A macroscopical Darcy law is 
used to take into account the fluid flow in the compressible preform. In this law, inertial terms 
and volumic forces are neglected.  This macroscopical model introduces the permeability 
tensor K  which has to be determined precisely in order to provide accurate results for the 
flow [4]. Recently, many studies have been conducted to accurately measure the permeability 
tensor [6]. The Darcy law is reliable as soon as the permeability remains low. The Darcy’s 
equation [5] (mass balance and momentum conservation) expressed in terms of ALE 
formulation writes: 

( )
( ),

0

f f f
r d x r

f
r f f f f

r x r r x r

Ks v v p

t
c div

t

φ
η

ρ χ
ρ ρ
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   (2)  

where φ  is the porosity, is the saturation ratio, s η  is the resin kinematics viscosity,  is the 
gradient operator with respect to 

x∇
r

x , f
rp  is the resin pore pressure and f

rρ is the resin density 
in the wet preform area and . f f

r rc c c= −
r r r f

f
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Flow in the purely fluid area 
As well as in the wet preform, inertial effects are neglected. In this purely fluid region, Stokes 
equations are used to predict fluid flow. Expressed in terms of ALE formulation the Stokes 
equations can be written as follows: 

( ),
0

r r r r r
r r r r rx x

r
r r r r r

r r r x rx

c grad v grad p v

t
c grad div v

t
χ

ρ η

ρ χ
ρ ρ

⋅ = − + ∆

∂
+ ⋅ +

∂ r

=

uuuuur rr r r

r uuuuurr r    (3)  

Here the convective velocity  is the difference between the resin velocity and the 
domain velocity , which has to be defined for instance with an elastic law. 

r
rcr r

rvr

r
dvr

 
Saturation 
Two types of approaches are commonly used in the literature to deal with change in saturation. 
The transient approach gives a further relation between the resin pressure and the saturation. 
But the lack of information concerning this relation leads to the slug flow approach. This 
hypothesis yields a direct binary relationship between the resin pressure and the saturation: 

( ) ( ) ( ) (, 1 , 0 , 0 ,s x t for p x t et s x t for p x t= ≠ =
r r r ) 0=

r

t

  (4)  
 
Modeling of the preform compressibility 
The main feature of the provided model is related with the compressibility of the preform 
during the resin infusion [7]. These deformations result from the transient equilibrium 
between the loadings applied on the part by the vacuum bag and the pressure induced by the 
viscous liquid contained in the compressed saturated fabrics. A material formulation such as a 
Total or an Updated Lagrangian Formulation is suitable for this type of behavior. 
 
Mass balance 
Mass balance of the preform allows following the preform density evolution. This equation 
relates mass at times t  and t via the density and the Jacobian of transformation J  [5]. 
Here the preforms are assumed to be deformable but composed of incompressible fibers. 

+ ∆

( ) ( )( ) ( ) ( )( ), 1 , , 1 ,J x t t x t t J x t x tφ+ ∆ − + ∆ = −
r r r φ r    (5)  

 
Momentum equation 
The preform compressibility experimental data for saturated and unsaturated flows has been 
studied for very particular boundary conditions and specific fiber networks [8]. In this 
approach, for a general use, we choose to formulate the behavior of the preform by a 
Terzaghy’s constitutive law. In this constitutive law, the effective stiffness of the 

preform
f

e fσ is completed by the action of the resin pressure inside the porous medium’s pores 
( ). This approach gives a continuous model for the wet and dry preform i.e. there is a 
direct continuity of stresses on the flow front: 

f
rs p

( ) for wet preform
, 0 where

for dry preform

f f
ff f e f r

x f
f f
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Boundary Conditions 
 
Figure 3 summarizes both boundary conditions and interaction conditions between the two 
types of components (resin and preform) in the three area studied for the modeling of the RFI 
process. The interaction conditions are settled at the material scale between the wet preform 
and the resin in this wet preform. At the structural scale, the boundary conditions put together 
conditions imposed by the process itself and conditions prescribed on the interface to ensure 
the stress vector continuity.  
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Fig. 3  Boundary conditions at structural scale and interaction at material scale 
 
Thermo-chemical modeling 
 
In this approach, unlike the mechanical modeling, three homogeneous domains are considered 
since resin flow is slow, i.e. fiber and resin temperature are very closed at a same spatial 
point. Two types of equations govern the thermo-physico-chemical phenomena. Heat transfer 
equation expresses the conservation of energy [3]: 

( ):DT Dc D div grad T H
Dt Dt

αρ σ λ= + ⋅ + ∆
uuuuur

   (5)  

where is the specific capacity, c λ  is the thermal conductivity tensor, is the heat of 
reaction and 

H∆
α the curing degree. 

The curing equation expresses the transport of the curing resin mass α . 
D D v
Dt Dt
α α α= + ⋅∇

rr     (5)  

There are many models in the literature for the material derivative D
Dt
α . These models are 

commonly constructed by coupling Arrhenius laws with power laws. 
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Review 
 
Figure 4 summarizes the interactions between the behavior of the resin and preform in the wet 
preform. The bold boxes contain independent variables. Each variable is connected with 
conservation equations and physical laws. 
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Fig. 4  Coupling between thermo-chemical, fluid and solid mechanical behavior 
 

RESULTS 
 
Mechanical interactions between the fluid and the solid part have been introduced in PAM 
RTM©. Here two types of numerical results are presented. The first one concerns the 
interactions phenomena in the wet preform. The purely fluid region is not taken into account, 
flow rate boundary conditions are used to feed in the preform. This modeling is suitable for a 
SCRIMP© like process. The second chosen example is a modeling of RFI process, the purely 
fluid region is introduced in the model. 
 
Flow in a highly deformable media 
 
This first result has been obtained with an exaggerated flow rate for a complex T-shape piece 
with permeability orientations. This exaggerated flow rate is prescribed in order to observe 
the porous medium deformations due to the internal pressure applied by the fluid inside the 
pores (Terzaghi hypothesis). The vacuum bag applies a mechanical pressure as presented in 
Figure 5-c. The proposed algorithm (Figure 5-a) uses an iterative scheme with a coupling 
between implicit Darcy and mechanical calculations until the filling of the part is complete 
(time explicit). Figure 5-c depicts the mesh of the T-shape piece with permeability 
orientations of the stacking. The core, i.e. the solid part without permeability orientations, is 
10 times more permeable than the preform in the transverse direction. Figure 5-b shows the 
internal resin pressure obtained on the deformed configuration. The results obtained with this 
algorithm have been compared successfully on a simplest geometry with analytical results. 
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Interaction between Darcy and Stokes Area 
 
This second example adds the purely fluid domain in the previous algorithm.  
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Fig. 6  Resin Film Infusion (RFI) of a curved panel – (a) proposed algorithm – (b) results at 

initial time (1), compression time (2), final stage (3)  
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A modified Beaver-Joseph-Saffman condition has been used to couple the Darcy and Stokes 
areas. This condition has been completed with a continuity of hydrostatic pressure on the 
interface. The proposed algorithm consists in a filling iterative scheme made of four implicit 
problems: fluid and solid mechanics in the porous area and fluid and domain displacement in 
the purely fluid region. This iteration loop is based upon a pressure, displacement and 
velocity criterion convergence. The Darcy and Stokes problems use an ALE formulation in 
order to observe an accurate mass balance. In the present results (see Figure 6-a,b,c) finite 
strains of the preform can be observed. Moreover, border and curvature effects give a non-
constant pressure field that would be constant for a plane plate. The velocity pressure 
formulation for the Stokes problems and Darcy problems has been solved here by the Bubble 
Element formulation [1]. 
 

CONCLUSIONS 
 
In this paper, a new model conceived to simulate non-isothermal resin infusion in a highly 
compressible preform was presented. This model can be applied in a large range of activities 
for all industrial processes involving infiltration in deformable porous media. Currently, 
experimental validations of the proposed RFI model have been carried out with Hexcel 
Reinforcement to provide a reliable tool. It is important to underline here that the lack of 
information and experimental data is the major drawback met for industrial use, mainly for 
the permeability measurement in the transverse direction in saturated and unsaturated 
regimes. 
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ABSTRACT:  An unsaturated flow model is incorporated into a dual-scale model previously 
developed for resin flow through woven fibre mats.  In this model, the two different scale 
flows are simulated at a same numerical scale.  A sink and a source term are introduced for 
the two different scaled flows, respectively, based on mass conservation in the dual-scale 
domain.  With this model, the micro flow inside fibre tows can be described in detail, 
including the axial flow in flow direction and the transverse flow in the cross section of fibre 
tows, while capillary effects have been included in the axial flow within the fibre tow.  The 
transverse flow is simply regarded as being caused by the saturation difference between the 
inter-tow gaps and the intra-tow pore space.  To close the equations in the model, a resin 
retention characteristic and microscopic diffusivity have been assumed (in the absence of 
experimental data).  Finite element discretization of the governing equation is defined, and a 
simple implicit time integration method is suggested.  A 1D example of RTM has been 
modelled, and results discussed. 
 
 
KEYWORDS: RTM, Dual-scale model, Unsaturated flow, Capillary effect, FEA 
 
 

INTRODUCTION 
 
Liquid Composite Moulding (LCM), in its various industrial forms, is a widely used 
technology in the manufacture of advanced composite components.  Because of its efficiency 
and cost saving, mathematical modelling of LCM processes has attracted more and more 
research interest in recent decades, and is playing an increasingly important role in technology 
applications.  Considerable research effort has been devoted to process modelling, and several 
numerical simulation procedures have been developed [1,2].  In early studies, resin flow 
through dry fabric beds was modelled as a single flow at a single scale.  The fibre preform is 
assumed to be fully saturated behind the resin front, and therefore Darcy’s law is adopted to 
describe the superficial velocity of the resin flow, in which the pressure gradient in resin 
saturated region is regarded as the driving force.  Incorporating the mass conservation 
condition, Darcy’s law can be used to determine the progress of the resin font [3,4] where, 
normally, the permeability of porous fabrics is assumed to be a constant in a representative 
elementary volume (REV).  However, the ‘fully saturated’ assumption is not a reality, 
especially for woven fibre mats, which consist of discrete fibre tows, and are microscopically 
heterogeneous.  Investigation has shown that two different flow rates (a fast macro-flow in the 
gaps between fibre tows and a slow micro-flow in the passages inside tows) coexist in resin 
infusion process for this type of preform.  Voids may be retained in tows after the resin has 
passed, due to incomplete impregnation. 
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An understanding of the formation of voids and/or dry spots is clearly important, as these 
features can have serious implications for composite quality and performance. This has been 
investigated through two-scale or two-layer models of flow through woven fibre mats.  
Lekakou and Bader [5] proposed a model of the macro- and micro-infiltration using Darcy’s 
law, where separate permeabilities were used for different scale flows and capillary pressures 
were considered.  Recently, Pillai [1] developed a rigorous dual-scale mathematical model 
which simulates the macro-flow using a volume average method.  A sink term of the macro-
flow is introduced which couples the two different scaled flows together based on a mass 
conservation.  Darcy’s law has been proven to be valid for the macro-flow, while an idealized 
cylindrical microscopic impregnation of fibre tows was assumed. 
 
In this paper, based on the dual-scale model, we try to simultaneously model the macro- and 
micro-infiltration in LCM process in a same numerical scale.  Similar to the sink term in the 
macro-flow case, a source term is introduced to the micro-domain which is caused by the 
resin sink from the identical local macro-domain.  The resin macro-flow is assumed to have a 
distinct resin front, but in the micro-domain, no distinct resin front exists because of source 
term.  The approach here is to adopt the variation of saturation to describe the resin 
impregnation inside fibre tow regions.  A 1D numerical simulation example using this model 
will be presented. 
 
 
THEORY 
 
2.1 Governing equation 
 
Based on the consideration of the dual-scale nature of woven fabrics, Pillai, employing the 
volume average methods, developed the following governing equations for the resin 
macroscopic flow in inter-tow gaps [1]: 
 

 Sg −=⋅ v∇             (1) 
 

 
g

g
g

g P
K

∇
µ

−=v      (2) 

 
where, gv  is volume average resin flow velocity, S is a sink term accounting for the rate of 

resin absorption by the tows in per unit volume, 
g

gP  is gap average modified resin pressure, 

which is defined as ghpP ggg ρ+= , µ  is resin viscosity, Kg is resin permeability in inter-
tow gaps.  Theoretically, S is the mass loss in gaps due to resin infusion into fibre tows from 
the gaps, which can be expressed as: 
 

ds
V

S gtg
gt

nv∫ ⋅=
S

1      (3) 

 
where Sgt is total area of the tow-gap interface and ngt is the normal vector of the surface. 
 
Eqs. 1 and 2 assume that a distinct resin front exists in inter-tow gaps, which separates the 
space of the gaps into a fully impregnated region and a dry region, and they are only 
applicable for the part of resin flowing in the saturated region.  However, the resin flowing 
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inside fibre tows normally has a slow velocity because of high resistance there.  The resin 
movement inside fibre tows due to the local pressure gradient will lag behind that in inter-tow 
gaps, and resin will sink from inter-tow gaps into fibre tows at front region.  As a result, an 
unsaturated region exists at the resin front in fibre tows, where the resin content is variable.  
In view of the fact that it is difficult to outline a distinct sharp resin front at numerical scale 
for the resin flow inside fibre tows, we believe that using saturation to describe the flow in 
fibre tow is a reasonably good solution [6,7].  By introducing the saturation, the resin flow 
inside the fibre tows can be expressed as: 
 

 ( ) ( ) fffff R
t

+−=
∂
∂ vρθρθε ∇     (4) 

 

 
f

f
f

f P
K

∇
µ

−=v      (5) 

 
Eq. (4) is mass conservation equation, where θf is the saturation, which is the fraction of the 
void in fibre tows been occupied by resin, VV ff =ε  is the fibre void fraction, Vf is the total 
volume of voids in fibre tows, ρ is resin density, Rf is a source term, a homogeneous mass 
production rate from other generating phase per unit volume. According to mass conservation, 
the source term in fibre tows is equal to the sink term in Eq. (1), i.e. 
 

SR f ρ=      (6) 
 
 
Eq. (5) is the Darcy law applied on the flow inside fibre tows, where fv  is the average 

superficial velocity of resin inside tow, Kf is permeability inside fibre tows.   
f

fP  is an 
average modified resin pressure inside fibre tow, which consists of the following components: 
 

 
f

cf

f

ff

g

g

f

f PPPP ++=                               (7) 

 
where 

g

gP  is the resin pressure in gaps as defined before, 
f

ffP  is the resin pressure 

insider tows caused by the fibre deformation, which will not be considered in this paper.  
f

cfP  is the resin pressure inside tows caused by the capillary effect. 

 
Equations (1-7) fully describe the resin flow in a dual-scale fabric mat.  But using Eq. 3 to 
calculate S is not easy and we need to know the detail of the woven structure of fabric 
reinforcement so that different cross sections of different architectures can be described in 
detail [8].  As a simpler alternative, we regard the saturation difference as the driving force for 
the sink/source term, assuming that once the fibre tow is fully saturated the local sink/source 
process will stop.  Because the sink is a flow crossing the surface of fibre, similar to the 
treatment by Pillai [1], we also idealize that the cross section of fibre tows is a circle, and 
ignore the dynamic distribution of resin inside fibre tows.  Finally the sink/source term can be 
approximated as: 
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where D is a parameter called as diffusivity (m2/s) of the fibre tows, θg is the saturation at 
gap-tow interface, which is assumed to be 1 when the gap is occupied and 0 otherwise.  θf is 
the saturation in fibre tow and rtow is a normalized fibre radius which can be assumed as an 
average value for a deformed fibre tow. 
 
2.2 The characteristics of dual-scale fibre reinforcement 
 
To close the above equations, we need to know the permeability Kg and Kf, capillary 
component pressure 

f

cfP  and diffusivity D.  The Carman-Kozeny equation is normally 

employed to evaluate the permeability for axial flow along fibres and transverse flow across 
fibres when the fibres are considered as solid and of circular cross-section [5]: 
 

 
( )2

32

14 ε
ε
−

=
k

r
K f                                                     (9) 

 
where rf is radius of fibre tow for macro-flow and is fibre radius for micro-flow.  k is the 
Kozeny constant and ε is porosity as defined before (εg for macro-flow and εf for micro-flow). 
 
It must be noticed that Eq. (9) is suggested for saturated flow but not strictly suitable for the 
unsaturated flow defined by Eqs. (4) and (5).  In this paper, Eq. (9) was employed to estimate 
the macro-scale permeability Kg, but for the micro-scale permeability, which depends on the 
saturation of voids, we employed an empirical model by Gilham et al. [9] from water-soil 
research: 
 

                            (10) n
f aK θ=

 
where θ is saturation of fibre tows, a and n are two empirical parameters. 
 
For the capillary component pressure, a model proposed for water retention characteristic [10] 
was adopted, which assumes that capillary pressure varies with saturation due to the change 
of the size of occupied pore space:  
 

 ( ) ( )( )1(expexp00 θβαθφ −−+= PP
f

cf )      (11) 

 
where φ0, P0, α and β are four constants.  
 
There is no reference data available for the value of diffusivity for fibre fabrics. According to 
its definition, diffusivity is related to permeability by [10]: 
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Using Eqs. (10) and (11), Eq. (12) can be rewritten as: 
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In the next section, the proposed model will be applied to simulate a RTM process using finite 
element methods. 
 
 

EXAMPLES 
 
An example of 1D flow in a rectangular domain with resin being injected at one end (Fig.1) 
was employed to test the model.  Due to lack of data for the capillary pressure inside fibre 
tows, an experimental result provided by Lin et al. [11] was adopted for illustration.  Fig. 2 
shows the fitting result of Eq. (11) to the experimental data.  The corresponding fitting data 
are listed in Table 1.  The other dual-scale parameters are listed in Table 2. 

 
Table 1.  Resin retention characteristic parameters 

φ0 (Pa) P0 (Pa) α β 
−2009 2.823×10-3 13.57 15.57 

 
Table 2.  Basic parameters used in simulation 

εg εf µresin
Pa.s 

rtow
mm 

Kg
mm2

a 
mm2

n 

0.1 0.3 0.4 0.3 5.6×10-5 9.8×10-7 2.0 
 

 

 
Fig. 1.  1D flow example 
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Fig. 2.  Capillary pressure with saturation (data from Lin et al., 1998) 

 

 

Figs. 3 to 6 show the modelling results at two different time steps under injection pressure Pinj 
= 150 kPa.  We can see that a stable numerical result has been obtained. Fig. 3 shows the resin 
profile in the inter-tow gaps with an obvious sharp resin front. Two distinct regions in the 
gaps (fully resin impregnated or completely dry), separated by the sharp resin front, have been 
modelled successfully.   Fig. 4 shows the corresponding resin pressure profiles in the gaps.  It 
can be seen that the pressure distributions are concave curves rather than linear.  This is 
consistent with the analysis, since, according to Equation (16), the pressure should have a 
concave shape when S > 0.  Figs. 5 and 6 show the corresponding resin saturation and 
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pressure profiles in fibre tows.  The resin saturation profiles do not have a significant sharp 
front but exhibit three distinct regions:  (i) the resin front lags behind that in the gaps; (ii) a 
saturated region expands starting from the resin inlet port; (iii) an unsaturated region having a 
variation in resin content exists in the middle.  The existence of three distinct regions is 
consistent with the experimental observation [12].  It has been noticed that the middle 
unsaturated part expands faster than the saturated part behind it.  This implies that that the 
pressure-driven resin flow in the fibre tows is slower than the sink from the gaps because of 
the very low permeability in fibre tows.  Thus it is concluded that resin infiltration from the 
macro-scale to the micro-scale plays an important role in the impregnation of fibre tows. 
 

 
Fig. 3.  Dual-scale simulation:  saturation profiles in gaps 

 

 
Fig. 4.  Dual-scale simulation:  pressure profiles in gaps 

 

 
Fig. 5.  Dual-scale simulation:  saturation profiles in fibre tows 
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Fig. 6.  Dual-scale simulation:  pressure profiles in fibre tows 

 
 

CONCLUSIONS 
 
A dual-scale model for resin flow through woven fibre mats has been proposed by previous 
researchers.  In this paper, this model has been successfully combined with an unsaturated 
flow model used in other disciplines.  In the new model, the two different scale flows are 
simulated at a same numerical scale.  A sink and a source term are introduced for the two 
different scaled flows, respectively, based on the mass conservation in the dual-scale domain.  
The results show that the model works very well.  Stable numerical results have been 
obtained.  Distinct resin sharp front has been simulated for the macro-scale flow in the inter-
tow gaps, while smooth variation of the resin saturation in fibre tows has been modelled.  The 
result of the smooth variation of the micro-scale resin saturation can be used to explain the 
bubble formation behind the sharp resin front.  It is hoped that this theoretical approach will 
be applicable to future studies of void formation and transport. 
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ABSTRACT:  Liquid Composite Molding (LCM) processes including RTM and VARTM 
are used for producing polymer matrix composite. In any typical LCM process a thermoset 
resin is injected/sucked into a mold cavity with a pre-placed preform of fiber mats. The dual-
scale nature of those fiber preforms gives rise to the unsaturated flow during mold filling in 
LCM processes that is characterized by a modified continuity equation with a `sink’ term due 
to the delayed absorption of resin by fiber tows behind the flow front. Application of the 
mathematically rigorous volume averaging method results in a momentum balance equation 
that has two additional terms apart from the pressure gradient terms associated with the 
Darcy’s law. In this paper, we would explore the importance of these two terms (called the 
Brinkman term and the interfacial kinetic-effect tensor term) near the flow front in a dual-
scale porous medium created by the dual-scale fiber mats. Through a numerical simulation of 
the unsaturated flow in an idealized dual-scale porous media, it is discovered that these two 
terms become significant in a small region behind the flow front where the sink term changes 
rapidly. So the results suggest that a modified form of Darcy’s law needs to be used near the 
flow front during LCM mold-filling simulation in a dual-scale fiber mat. 
 
KEYWORDS: RTM, resin transfer molding, LCM, liquid composite molding, unsaturated 
flow, Darcy’s Law, polymer composites, dual-scale porous media 
 

INTRODUCTION 
 

Composite materials have become critically important in aerospace, automotive, and civil 
engineering areas along with the biomechanics and other fields because of their high stiffness 
to weight ratio, long fatigue life, increased corrosion resistance, and their ability to 
consolidate parts.  Liquid composite molding (LCM) technologies such as the resin transfer 
molding (RTM), vacuum assisted RTM (VARTM), and Seeman Composite Resin Infusion 
Molding Process, are very important in the manufacture of polymer composites [1]. These 
composites consist of polymeric matrix which is interspersed with reinforcements such as 
carbon and glass fibers. In LCM, the composites are created by impregnating a fiber-packed 
mold cavity with resin by injecting it through the inlet gates of the mold. Numerical 
simulation of such mold-filling process in LCM is becoming indispensable for optimizing the 
mold design [2-5].  
 
An LCM mold containing randomly oriented fibers of a random mat is an example of the 
single-scale porous medium.  Here, all the pores are of the same length-scale.  The fibers are 
impermeable and the spacing between fibers can be treated as homogeneous.  However, if the 
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solid phase is porous with the pore size of a much smaller length-scale, the porous medium is 
then classified as a dual length-scale or dual porosity porous medium.  Braided, woven or 
stitched fiber mats used in LCM processes, where fiber bundles are permeable to resin due to 
presence of pores between fibers within the bundles, fall under this category. The transport 
processes that occur inside this dual-scale porous medium are often significantly different 
from that of the single-scale porous medium. Babu and Pillai [6] discovered that the dual-
scale porous media with continuous inter-tow gaps1 (created by the stitched mats only) allow 
the lead-lag flow to manifest where the resin races along the gaps before fully impregnating 
the tows2. The delayed wetting of tows behind the resin front in the gap region leads to a 
region of partial saturation behind the front in such dual-scale fiber mats. The flow in such a 
region is called the unsaturated flow and is often characterized either by a visually observable 
region of a lighter hue as compared to the darker saturated region, or by a droop in the inlet-
pressure history [6].  The onset of the unsaturated flow the dual-scale stitched mats can be 
predicted by certain dimensionless numbers such as the pore volume ratio and sink effect 
index [8].  A synopsis of some recent work on the unsaturated flow in dual-scale porous 
media was presented by Roy et al. [7].  

 
Mathematically rigorous volume averaging method have been adopted to derive the averaged 
form of mass and momentum equations for the unsaturated flow in dual-scale porous media 
encountered during mold filling in LCM processes [9,17].  During the averaging process, 
averaging of the shear stress term of the Navier-Stokes equation in the gap region gives rise to 
a new quantity named the interfacial kinetic-effects tensor which includes the effects of liquid 
absorption by the tows, and the presence of slip velocity on their surface.  Initial scaling 
analysis suggested that its effect on the momentum balance becomes negligible if the gradient 
of the rate of resin absorption by the tows is small [9]. However, beyond this qualitative 
insight, no estimate of the magnitude of this newly found term is available in the literature nor 
have we encountered any studies wherein the effect of spatial variation of the absorption rate 
on this term is discussed.  
 
The objective of this work is to estimate the magnitude of two forces that results due to 1) the 
interfacial kinetic-effects at the tow-gap interface (the interfacial kinetic-effects force), as well 
as 2) the deceleration of the average velocity (the Brinkman force) in the unsaturated region of 
isothermal flow in a dual-scale porous medium.  A finite element based numerical method is 
used to model 2-D isothermal unsaturated flow between two parallel porous plates. Parametric 
studies are conducted to evaluate the two forces in the unsaturated region just behind the flow 
front. 

 
Summary of volume averaged transport equations  

Pillai [9] rigorously derived the macroscopic transport equations for isothermal flow in the 
dual-scale porous media using the volume averaging method, the summary of which is 
presented in this section. Only the relevant gap-averaged balance laws will be listed; their 
derivation as well as the estimation of their various source and sink terms with the help of the 
single-scale model for the intra-tow flows is presented elsewhere [9]. 
 
Flow variables in LCM are invariably averaged in an averaging volume called REV or the 
representative elementary volume. For the fibrous dual-scale porous media, Pillai [9,17] has 
proposed an REV shown in Fig. 1 where the averaging volume consists of the gap and tow 
regions. 
                                                 

1 Large-scale pores between tows will be referred to as the gap phase or gap region, or just gaps. 
2 Fiber bundles will be referred to as the tow phase or tow region, or just tows. 
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Mass balance equation for macroscopic flow in the gap region is given as 

 Sg −=⋅ v∇  (1) 

Here gv  is the volume-averaged liquid velocity in the inter-tow gaps, and is computed as  

dV
V

V/1 ∫=
g

gg vv  where, as shown in Fig. 1, V and Vg are the total and the gap volumes for 

the  REV. (Subscript g indicate quantities that are of the gap region.) S is the sink term and is 
equal to the volumetric rate of absorption of resin by the tows per unit volume as 

 ∫ ⋅=
gtA

gtg dA
V
1S nv  (2) 

where Agt is the gap-tow interface area within the REV, and ngt is the unit normal at the gap-
tow interface directed from gaps to tows. 

 

Fig.1. A typical Representative Elementary Volume (REV), or the averaging volume, for a 
fibrous dual-scale porous medium  
 
The minus sign of the sink term in the continuity equation (1) suggests that the flow of the 
resin slows down in the unsaturated gap region because of the absorption of resin by fiber 
tows.  An estimation of S requires the integration of resin flux into the tows, which in turn 
require solving the single-scale transport equations within the tow region [7,17].   
 
Momentum balance equation for the gap region is derived to be 

{ } 0µεµPε 1
g

2 =⋅−⋅++− −
ggggg

g

gg vKIv ∇∇∇  (3)  

where is the gap volume fraction, V/Vgg =ε
g

gP  is the gap-averaged resin pressure 

computed as dV
V

PV/1P g ∫=
g

gg

g
, µg is the viscosity of resin flowing in the gaps, and Kg is 

the permeability tensor for flow in the gaps. I, the interfacial kinetic-effects tensor, is defined 
as 

 ( )∫ ++−=
gtA ggtgtg dA

V
1S vnnvI δ  (4) 
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with δ as the unit tensor. Note that I becomes identically equal to zero when the tows are 
impermeable. (Since vg on gap tow interface becomes zero due to the no-slip condition on the 
solid tows.). 
 
Eq. (3) is the dual-scale equivalent of the Brinkman’s equation for single-scale porous 
medium [10].  This equation differs from that for single-scale porous medium in that the later 
equation does not contain the term I⋅µ ∇g , which we would name as the interfacial kinetic-
effect force3, and which is likely to decelerate the gap flow in the regions of extreme gradients 
in the sink function S that take place very close to the flow front. The first term 

g

gg P∇ε−  is 

the pressure force which drives the macroscopic gap flow.  The second term g
2

g v∇µ , 
which is to be called the Brinkman force, also tends to slow down the flow and becomes 
significant in areas of large changes in the gradients of the volume averaged velocities, such 
as at the interface of a dual-scale porous medium adjoining an open channel (section 2.11 in 
Ref. [14]). The last term g

1
gg vK ⋅µε− −  represents the net force at the solid-fluid interface.   

 
ANALYZING FLOW IN A UNIDIRECTIONAL DUAL-SCALE MEDIUM 
 

We study the unsaturated flow behind a resin front that is moving through an idealized 
unidirectional fiber mat, and which is represented as a set of parallel channels of width lo 
(representing gaps in the dual-scale medium) separated by porous tows of thickness li each. 
(See Fig. 2A.)  A target unit cell consisting of several thin REVs (Fig. 2B) is selected to 
conduct flow simulation in the gap region. The target unit cell is preceded by a hypothetical 
precursor unit cell, which is there merely to provide a realistic inlet velocity condition to the 
former. An exponentially increasing gap-to-tow `sink’ velocity, along with a Beavers-Joseph 
slip velocity is imposed within the unit cell at the gap-tow interface [15]. The resultant flow 
field is used to estimate the non-Darcy terms in the gap-averaged momentum balance 
equation and evaluate their importance. 

 
Reformulating the momentum balance equation 
 
We now rearrange Eq. (3) to obtain an equation similar to Darcy’s Law.  Contracting both 
sides of Eq. (3) by taking a dot product with and dividing both sides by , we get gK ggµε

 ( I
K

v
KK

v ⋅⋅
ε

+⋅
ε

+⋅
µ
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g

g
g

2

g

gg

g
g

g
g )P  (

                                                

5) 

This equation can be regarded as a Darcy’s Law with two correction terms: the first arising 
from the Brinkman force and the second from the interfacial kinetic-effect force. Retention of 
these two terms depends on how significant these terms are in the unsaturated region just 
behind the moving resin front.   
 
Non-dimensionalizing Eqn. (5) and taking its x-component (see [15] for details) results in  
 

 

3 Note that all terms in Eqn. (3) has the dimensions of force per unit volume. 
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Superscript * represents dimensionless quantities. The y-component of Eq. (5) is also satisfied 
as its both sides become identically equal to zero. After exploiting the inherent symmetries in 
the posed flow problem, Eq. (6) can be reorganized further [15] as 
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where , to be referred to as Brinkman correction factor, is the dimensionless ratio of 
Brinkman force to pressure force: 
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In the above equation, gx

*
gv ε is replaced by 

x

*
gv 4. 

I ,  R to be called the interfacial kinetic- effect correction factor, is the dimensionless ratio of 
interfacial kinetic-effect force to pressure force: 
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Part A Part B 

Fig. 2. Part A: Schematic of a 2-D resin flow through gaps in a bank of porous and liquid 
absorbing 2-D tows (with infinite depth) stacked parallel to each other.  The REV shown here 
is a thin disc of infinite width and a finite x-direction length ‘w’. Part B: Exploded view of the 
periodic target unit cell of size ‘s’ shown in Part A along with the hypothetical precursor unit 
cell.  The sink velocity and slip boundary conditions exist only in target unit cell.  Parabolic 
velocity profile is assumed at the entrance of the precursor unit cell.   

                                                 
4 Note that  being constant for our medium shown in Fig. 2 enables it to be moved inside the double 
derivative. 

gε
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Flow simulation 

A finite element based multiphysics software COMSOL Multiphysics 3.2 [16] is used to solve 
the point wise continuity and momentum balance equations in the gap region. Typical 
parameter values used in this simulation as well as other details are listed elsewhere [15].   
The dimensionless velocity at the precursor cell inlet is assumed to be parabolic to resemble 
the fully developed flow through parallel plates and the dimensionless inlet velocity averaged 
over the inlet area is taken as unity.  The interface between the two unit cells is treated as an 
internal boundary condition.  Both the Beavers-Joseph slip boundary condition and variable 
sink velocity in the direction of flow is considered in the analysis.  
  
Traditional volume averaging method, which requires that the representative elementary 
volume (REV) be of the same size as the unit cell, cannot be applied here as the effect of 
rapidly changing sink velocity on the correction terms will be lost.  Instead, a specialized form 
of volume averaging method is adopted where the unit cell is subdivided into thin slices of 
REVs within which, the averaging of flow quantities is carried out.  The width of these 
subdivided slices are one-tenth of that of the target unit cell throughout the unit cell except 
near the exit where the width is reduced to one-hundredth [15].  The much finer slicing of the 
unit cell closer to the flow front ensures that the volume averaged quantities (especially the 
absorption rate) are sufficiently accurate even in regions where the sink gradients are high.  
 

Part A Part  B 

Fig. 3  Part A: A COMSOL Multiphysics 3.2 schematic of pressure and velocity profiles in 
precursor and target unit cells. The smaller cells on the right hand side are within the target 
unit cell (0 ≤ x* ≤ 1) and represent the sliced REVs. Part B: Various absorption rates at the 
gap-tow interface (the lower curves) within the target unit cell and the corresponding volume 
averaged velocity distributions (the upper curves).   

Once the microscopic transport equations are solved (Fig. 3(A) describes a typical distribution 

of point wise velocity and pressure), macroscopic quantities such as xgv *

 and 
g*

gP
 are 

computed for each REV slice by integrating the local velocity and pressure. Later the 
derivatives of these quantities are estimated through the backward differencing schemes such 
that each node value corresponds to the average at the REV slice.  
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RESULTS, DISCUSSION AND CONCLUSION 

 
The gap-tow absorption velocity or the sink term  as a function of x-coordinate is changed by 
varying parameters  and  of an exponential function [v*M *N g,y|gt = exp( x*)]  
as shown in Part B of Fig. 3B such that the area under the curves remains the same in order to 
maintain constant outlet velocity. This figure also shows the variation of the volume-averaged 
x-velocity as a function of  confirming that the outlet velocity, and hence the total 
absorption rate within the unit cell, remains constant for all absorption rates considered. 

*M *N

*x

 

 
Part A Part B 

               
Fig. 4  The Brinkman (RB) and interfacial kinetic-effect (RI) correction factors as a function 
of are plotted in Parts A and B at various absorption rates. *x
 
Part A and B of Fig. 4 show and as functions of . The plot indicates that both 

and  are proportional to the gradient of the sink term. The Brinkman correction factor 
can reach a value as high as 0.6 and the interfacial kinetic-effect correction factor can reach 
values up to 0.7.  For those tows that are directly behind the flow front where the absorption 
gradient is steep

BR IR *x

BR IR

5, the Brinkman and interfacial kinetic-effect correction factors become 
significant and hence cannot be discarded in the flow analysis unlike in fully saturated region.  
Although this means that unsaturated flow modeling is complicated near the flow front due to 
a large gradient in the sink term, this finding is of fundamental importance and suggests the 
retention of the correction factors and  for accurate modeling of LCM processes. BR IR
 
See [15] for a description of dependence of and  on the local Reynolds number, the slip 
velocity, and the slip coefficient. 

BR IR

 
After studying this interesting result, we can finally conclude that the hitherto neglected 
Brinkman and the interfacial kinetic-effect tensor terms in the momentum balance equation 
will become important in a small region just behind the resin front in a dual-scale fiber mat 
(especially the unidirectional one) due to a strong gradient in the sink term. 

                                                 
5 The velocity of the flow front within the tow is inversely proportional to the extent of penetration of the 

flow front from the tow-gap interface. Since the tows directly behind the flow front in the gap region are just 
exposed to the resin, the extent of penetration is minimal and hence the gradient of absorption rate is very steep. 
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ABSTRACT: The automotive industry has been reluctant in the use of advanced composite 
components due to long cycle times associated with their manufacturing processes. Recently, 
a promising Liquid Composite Molding (LCM) process coined as Compression Resin 
Transfer Molding has attracted interest. In this process, the fiber preform is placed in the mold 
in the same manner as in Resin Transfer Molding, but the mold is not closed entirely, creating 
a fiber-free channel on top of the preform. The measured amount of resin is injected into the 
mold which first fills this channel due to its high permeability. Then, the mold is closed, thus 
forcing the resin to infuse the preform. The final stage of the process compacts the preform to 
its final part thickness, hopefully saturating the entire perform with resin. Due to its similarity 
with compression molding process and injection through the thin thickness of the part, short 
processing times can be achieved. The goal in this process not unlike all LCM processes is to 
ensure resin does fill all the empty spaces between the fibers. However, this process 
introduces several new issues that must be addressed in the flow model. The first issue is to 
account for the compaction of fiber preform, both when it is dry and when it is saturated with 
resin. Literature has shown that fiber compaction is not only non-linear, but exhibits visco-
elastic behavior as well. Furthermore, the through thickness flow behavior under compression 
with perform serving as one wall will require one to couple flow in reducing gap with 
impregnation inside a perform. Finally, with a complex mold, visualization of the flow 
progression can be difficult, so a new method of sensing is desired. This paper will describe 
how these issues can be addressed, and presents the results of an experimental study 
conducted on a small, lab-scale molding apparatus. The compaction behavior of the fabric is 
explored and will be incorporated in the modeling and simulation of the compression resin 
transfer molding. 
 
KEYWORDS: Liquid Composite Molding, Compression Resin Transfer Molding, Mold 
Design 
 
 

1. INTRODUCTION 
 
Composite materials can be tailored to have better mechanical properties than metals, but 
their use can only increase by developing new cost- effective manufacturing technologies. 
One of the promising technologies available today is the Compression Resin Transfer 
Molding (CRTM). It can manufacture parts with high fiber volume fraction, high surface 
quality and excellent tolerance control of net shape and is suitable for high volume 
production. However, it requires initial investment in expensive equipment which the industry 
can recuperate with medium-high volume production. For this reasons, one of the potential 
main users of compression molding is the automotive industry with production runs of 
between 1000 and 10,000 parts per year requiring a good surface finish [1]. Therefore, 
developments are necessary to improve production times and part quality, including new 
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compression press systems. The aim of this research is to propose and validate a new cost 
effective press. Compaction behavior [2-4] of fabrics was investigated because compression 
modifies the processability by altering permeability to resin flow.    
 

2. Modeling the Compression Resin Transfer Molding Process 
 
To achieve fast, repeatable and reliable process one needs to acquire some predictive 
modeling capability to simulate the resin flow within the gap and preform during the 
injection. This capability is readily available for RTM process modeling, but to model the 
CRTM flow, it has to be somewhat extended. For modeling purposes, the injection can be 
divided into three phases. First, the resin is injected into the partially open mold cavity. This 
phase can be modeled directly by RTM simulations by treating the gap as a layer of high 
permeability distribution media, similar to DM in other RTM variations [1, 2]. In the second 
phase, the mold is being closed but there is still a gap between mold surfaces and preform. 
The squeezing of the gap part already filled with the resin will drive the resin into (i) the 
remaining unfilled gap regions and (ii) the preform. In the last phase, the mold is in full 
contact with the preform and the preform gets compacted to its target thickness. Some 
preform regions are already saturated with resin. The resin may be squeezed out from filled 
regions and be driven into regions that are still unsaturated. Practically, the individual phases 
may overlap. To model the second and third phase of the process with RTM simulation is 
nontrivial, but possible [5]. Essentially, the “squeezed” saturated regions – in gap or in 
preform – have to be replaced by a proper flow rate source and its magnitude must be 
modified with the time. Simultaneously, the material parameters must be continuously 
updated as the fiber volume fraction and permeability of the preform vary with the 
deformation. We were able to model these stages within our RTM simulation package, LIMS 
[6, 7], by taking advantage of its scripting and control capabilities [5]. It is, nonetheless, 
admitted that the resulting scheme is suitable for academic research but hardly for immediate 
industrial deployment and more robust approaches are in development. 
 

3. Lab Scale Press Mechanism 
 
One of the drawbacks of this process is the cost associated with the press / mold necessary to 
make composite components with this process. This cost will be recuperated by either high 
production yields typical of the automotive industry or the high cost of sophisticated parts in 
the aerospace industry. However, this benefit can not be realized in a laboratory setting. 
Therefore, it was desired to design and build a simple, inexpensive lab-scale press and mold 
in order to initiate research in this field. The first area to consider is the closing mechanism. 
Industrial presses and other clamping devices, such as Instron testing machines make injection 
and vent egress difficult [8]. It was desired to develop a closing mechanism independent of 
such a device that would allow for a lab-scale press with the ability to have tubing egress for 
resin injection and venting. The injection / compression molding process consists of a rapid 
traveling of the platens over a relatively short distance. Therefore it was decided to close the 
press using a heavy-duty hose. The hose is to be placed between two platens, and the inflation 
of the hose will raise the traveling plate, as seen in Figure 1. 
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Figure 1: The inflation of a heavy-duty hose between two platens will generate the clamping 
of the press 

3.1. Investigation of closing speeds /forces  
 
The hose, of radius rh, will have a circumference of 2πrh. This total perimeter will remain 
constant as the hose is inflated / deflated. At the state depicted in Figure 2, the hose is under 
an internal pressure of pi, separates the lower (fixed) plate from the traveling plate by a 
distance d, and is in contact with the plates along a distance of l. 
The hose, when placed in between the two plates and pressurized with fluid will contour to a 
rectangular geometry in the middle of the plate. At the ends, the unconstrained hose will 
assume the shape of a semi-circle. Therefore, the total perimeter in this configuration will be 
equal to the circumference of the original hose: 

 
( )

cirm=2l+ 2

2
2

h

h

d r

l r d

π π
π

=

∴ = −
     (1) 

Therefore there is a geometric constraint between the contact length (l) and the separation 
distance (d). There will be three forces counteracting the pressure in the hose: the weight of 
the traveling plate, the compaction pressure of the fabric, and the fluid pressure of the 
injecting resin.  

 
Figure 2: The internal pressure of the hose counteracts the weight of the traveling plate, the 

compaction pressure of the fabric, and the fluid pressure of the resin. 
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Force balance of the hose gives the following result: 
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Therefore, the internal pressure that is required to maintain the traveling plate with the fabric 
compaction and resin infusion can be found. Some analysis can be done to identify what type 
of water pump would be necessary to sustain typical manufacturing loads. One important 
factor to identify is the denominator term in equation (2). As the plate gets lifted to the point 
where the hose is fully inflated to a circle (2rh=d), the required pressure would be infinite. 
Additionally, there is an exponential increase in the required internal pressure as the 
separation distance (d), approaches 2rh. This highlights the fact that this closing method is 
excellent for quick rising over a short distance, but is not adequate for lifting the plate over 
great distances.  This formulation can be used to select an appropriate pressure source.  
 

4. Compaction Testing 
 
Different series of experiments were performed in order to highlight the viscoelastic behavior 
of preform during compression [9]. The first series of experiments consisted of evaluating the 
repeatability of the compaction process and the clamping force generated on dry preform. The 
second series of experiments investigated the material’s hysteresis response under consecutive 
compression and the effects of the number of layers on the compression stress. The third 
series of experiments was performed to evaluate the effects of fluids on the preform response 
and compaction force.  
 

 
Figure 3: Schematic representation of set-up used for compaction tests 

 

4.2. Experimental procedures 
 
The set-up used for the compaction experiments is shown in Figure 3. The upper plate is fixed 
at determine height s, the layers are placed in the middle of traveling plate and the hose is 
inflated using a pressure vessel. The hose pushes the middle plate towards the upper fixed 
plate, compressing the material. When the distance d does not vary anymore, the maximum 
compression is reached. The measurement of both distances d and s is performed with a laser 
sensor having zero reference on the bottom plate. Knowing d and g, the clamping force is 
estimated from the calibration curve (equation (2) with correction) and the ultimate thickness 
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h of the preform is calculated using simple geometric relations. The clamping force is 
increased during the experiment by increasing the pressure inside the hose. In each 
experiment the pressure varied from 35kPa to 310kPa. The experiments were performed with 
both 5 and 10 layers of 12.7cm x 12.7 cm square pieces. In each experiment a new sample 
was used. In case of plain weave, during the lay-up step, particular attention was given to 
match warp to warp and weft to weft direction as best as possible. For experimental series of 
repeated compressions on the same sample, layers were separated and left without 
constriction between two consecutive compressions in order to allow recovery of any elastic 
deformation of fibers. For experimental series performed to evaluate the effects of fluids on 
compaction behavior, the stacking sequences were prepared by wetting and assembling layers 
as a classic hand lay-up process with no rolling.   
 

4.3. Results and discussion 
The repeatability of the compression process, verified during the calibration test, was 
confirmed with the first experimental series, obtaining similar value of fiber volume fraction 
for the same clamping force. The trend of fiber volume fraction of woven fabric and random 
mat was similar. Both material show a power law trend as reported in literature by other 
authors [4]. The curves obtained for woven show modest power exponent compared to the 
random, which means the volume fraction increases much more slowly with the increment of 
force as compared to the case of random.  The results are reported in Figure 4: hysteresis due 
to permanent deformation is presented for both materials. The compression reduces the gaps 
among fibers and yarns and the fibers find new collocation. In case of random mat, the 
interlayer packing seems to be the most important factor causing the enhancement of fiber 
volume fraction. In fact, a bigger percentage increment of volume fraction has been carried 
out for 10 layers than 5 layers. In the case of woven, the hysteresis behavior is principally due 
to the nesting and intra-packing phenomena that globally increases the fiber volume fraction. 
         

 
Figure 4: Percent compaction as a function of compaction pressure for three consecutive 

compressions performed on the same sample of random mat glass 
 
In order to highlight the phenomenon of nesting, the thickness per layer as function of fabric 
pressure has been plotted. As shown in Figure 5, nesting exists at beginning of compression 
for woven but not for random.  
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Figure 5: Thickness per layer versus fabric pressure for random mat glass.  The viscosity of 

oil is 54 cps and the viscosity of corn syrup is 146 cps. 

 
The dry preform shows the highest thickness per layer, comparing results obtained for dry 
assemblies and wetted assemblies. This phenomenon should be expected because of the 
friction between tows. The fluid serves to lubricate the fibers making the settling during the 
compression easier. Therefore, a lower compression force is required to obtain the same 
thickness (fiber volume fraction). Comparing the curves obtained using liquids, the curves 
with water show the lowest required compression force.  This result could be due to both 
lubrication and wettability of water.   
 

5. Injection of Parts 
 
Now that the compaction tests have been conducted, and it is known that this apparatus can 
sufficiently compact the preform to appropriate levels, the next step is to use it to manufacture 
composite components. Previous sections of the paper described the design and construction 
of the press system. This was used to conduct the compaction tests. Next, a mold apparatus 
needs to be added in order to manufacture composite parts. For initial testing, it was decided 
to construct a mold to manufacture circular parts. The reason for this is the ease in which a 
circular mold can open / close and not bind up during operation. The mold was designed 
much like a piston system, with a ring and plunger. 
 

 
Figure 6: The mold was designed to manufacture circular disks to facilitate in the operation of 

the press 
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5.4. Manufacturing of parts 
The procedure was as follows. First, the preform is placed inside the cavity. Then, the hose is 
inflated to raise the traveling plate such that the volume between the top of the preform stack 
and the top of the mold is equal to the volume of resin to be ultimately injected. Once the 
desired thickness is reached, the resin is poured into the mold. Next, the traveling plate is 
again raised, compacting the preform, until the laminate reaches the required fiber volume 
fraction. During this compaction process the thickness is monitoring by a distance sensor. 
When the final part thickness is achieved, the gate and vent are clamped, and the part is 
allowed to cure. The fiber volume fraction is determined by the following:  
        

w
f

f

A nv
hρ

=   (3) 

 
In equation (3), Aw is the weight per unit area of the fabric, n is the number of layers, ρf is the 
average fiber density, h is the thickness of the preform. The total volume of resin required in 
the cavity to impregnate the preform is: 
 

2
resin (1 )f finalV v R hπ= −    (4) 

 
In this, hfinal is the thickness of the preform for a given number of layers to obtain the fiber 
volume fraction vf; R is the radius of the cavity. Using the compaction curve as a rule of 
thumb establishes hfinal for a given fiber volume fraction. The ultimate hose pressure can be 
determined in two ways. First, if there is no compaction curve available, the pressure inside 
the hose can be increased slowly until the ultimate preform thickness is achieved. The second 
way is to use the compaction curve for establishing the force required for compaction and 
therefore the pressure in the hose. 
 

 
Figure 7: Examples of manufactured parts with the new low cost Compression RTM press 
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6. Conclusions 

 
A simple mold was built to conduct exploratory experiments with the compression resin 
transfer molding process. The mold was designed to be very simple in operation, without the 
need of a press. Geometric and mathematical modeling was done to estimate the processing 
windows for the closing speeds and forces that could be realized. Once the press was built, 
compaction testing was done and compared to previous results. With this apparatus 
established as valid tool for investigation of compression RTM, a mold cavity was added, and 
compression RTM experiments were carried out. Circular disks of 4 inches in diameter were 
manufactured with E-glass random and plain weave fabric and also with carbon fabric. As 
predicted, the infusion time was very fast of the order of 5 seconds, and the resultant parts had 
fiber volume fraction in the range of 55-62 percent for woven fabric and 27-34% for 
continuous strand random mat. 
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ABSTRACT: During composite molding processes, temperature is one of the most important 
parameter as an accurate temperature cycle is required to insure good wetting of fibres and 
good part properties such as final degree of cure,  glass temperature and low residual stresses. 
For an accurate temperature prediction, proper characterization of the resin curing system is 
needed, as resin kinetics greatly affect temperature profiles. The other basic parameters to 
consider are the conduction of resin towards the mold walls and convective effects that 
depends on injection velocity. However local effects were shown to be of great importance as 
resin flows through a porous medium. Local convective effects that induce heat dispersion 
must be included in the general energy balance equation. A one-equation model based on the 
local thermal equilibrium assumption was thus developed using finite difference analysis. 
However, during fast injection processes the latter assumption does not hold anymore, heat 
exchange between resin and fibres has to be taken into account. A two-equation model was 
thus considered using finite element analysis. The comparison between both models shows 
that the one-equation model is sufficient for steady state analysis purposes, when long parts or 
slow injection schemes are involved for example. When transient temperature profiles have to 
be accurately defined, for highly reactive resins or for short part applications, the two-
equation model is more appropriate.  
 
KEYWORDS : Composites Manufacturing, Heat Transfer, Dispersion Coefficient  
 

HEAT TRANSFER MODELS IN LCM PROCESSES 

Heat transfer in composite manufacturing involves conduction of heat towards the mold walls, 
convection by the resin as it flows through the preform and heat generation as the resin cures. 
For LCM processes, two heat transfer models are reported in the literature. 
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 The Non Local Thermal Equilibrium (NLTE) model or the two-equation model is derived by 
considering the energy balance in the two components (resin and fibers) separately [1-3]:  
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where ρ , K and Cp are the density, the heat conductivity tensor and the heat capacity of the 
materials, φ is the porosity of the porous medium, <vf> is the injection average velocity,  is 
the heat generated by the curing reaction, and the subscripts f and m refer to the fiber (fabric) 
and to the resin (matrix) properties. H is the heat exchange parameter and is defined by [4] :  

s&

 fmfmhaH =  (3) 
 

where hfm is the heat exchange coefficient between resin and fibers, and afm is the specific area 
representing the fibrous architecture at tow scale, expressed for a woven fabric by [5]:  

 
p

fm d
a 4

=  (4) 

dp being the length scale of the composite, set to be a fiber tow diameter as far as woven fabric 
is considered.  
This model is precise but difficult to use as the heat exchange coefficient needs to be 
determined [6-10]. The alternative is to use the Local Thermal Equilibrium (LTE) model or 
the one-equation model based on the assumption that local resin and fiber temperatures are 
equal : 
 

 TTT fm ==  (5) 
 

Applying the LTE assumption to equations 1 and 2 and using the volume averaging method 
[3], the one-equation model is obtained, assuming that no curing reaction is involved:  
 

 ( ) ( )( )( ) ( ) ( TKTvC
t
T

CC emmpfpmp ∇⋅⋅∇=∇⋅+
∂

∂
−+ ρρφρφ 1 ) (6) 

 
The effective conductivity tensor Ke is also called the stagnant conductivity and may be 
estimated as the average of the materials thermal conductivities, as described below : 
 

 ( ) fme KKK φφ −+= 1  (7) 
 

This assumption is valid under certain conditions. For instance, the temperature gradient 
between the two phases must be negligible, thus that the ratio of the thermal conductivities 
should be approximately unity. Numerical computations show that almost no temperature 
difference exists when non-metallic materials are considered, thus that the local thermal 
equilibrium assumption can be valid for LCM processes [11]. However, using one model or 
the other depends on the injection parameters. For instance, it was shown that the one-
equation model breaks down when high injection velocities are used or when a significant 
heat generation occurs in one of the two phases [11-14]. 
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HEAT DISPERSION DURING LIQUID FLOW IN POROUS MEDIA 

Local variations of velocity are associated with the thermal conductivity tensor K by adding a 
thermal dispersion coefficient KD to the effective thermal conductivity Ke  in the one-equation 
model. 

 De KKK +=  (8) 

This coefficient is expected to depend on the velocity of the flow front, on the porosity and 
structure of the medium and on the thermal characteristics of the materials [1-3]. 
Characterization of the heat dispersion coefficient was performed for a given resin /fiber 
system [14] from an inverse method based on an analytical solution derived from the one-
equation model at steady state [15] for a unidirectional non reactive flow through an isotropic 
preform. Steady state temperature profiles obtained numerically and experimentally are 
shown on Fig. 1. 
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Figure 1 Numerical steady state temperate profiles (solid lines) obtained for 
different heat dispersion coefficient vs. experimental temperature 

profile (stars) 
 
 

Good correlation at steady state is thus obtained between the experimental and the analytical 
temperature profile along the mold when heat dispersion is considered. However, at the 
transient stage, large discrepancies are observed, as shown in Fig. 2.  The two-equation model 
is required, thus accurate characterization of the heat exchange coefficient hfm would be 
needed.  
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Figure 2 N
u
m
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r

ical (solid lines) and experimental (dotted lines) transient 
temperature profiles at different location along the flow front 

 
 
 

HEAT EXCHANGE COEFFICIENT DETERMINATION 
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The method presented here for the heat exchange coefficient is based on an inverse method, 
the numerical solution being derived from the two-equation model :  
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where km and kf are the conductivity of resin and fibers respectively and kd is the dispersion 

coefficient. The equations are simultaneously solved using a multiphysics FE-based 

calculation tool (COMSOL Multiphysics 3.2). The program is inserted in an optimization 

program written with Matlab 6.5. The numerical temperature-histories for different locations 

along the flow direction are compared to experimental temperature profiles. The closest 

numerical solution to the experimental ones will determine the heat exchange coefficient 

corresponding to the injection considered.  
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EXPERIMENTAL SET-UP AND RESULTS 
 
Glass fiber woven fabric (plainweave 5x4 woven fabric, Veterotex America) are placed into a 
closed mold with thermocouples located at the mid section of the preform as shown on Figure 
3. A non catalysed vinylester resin (Derakane 411C50, Dow Chemichals) is employed. The 
recording of the temperature at the different locations is continued until the end of the 
experiment. When resin reaches the heated fibers, the temperature drops, as the average 
temperature of resin and fiber will be lower since the injected resin is cold.  
 
 
 
 Thermocouples 
 
 

Dry laminate 
Impregnated 

laminate Resin flow 
front 

Injection gate 

2 2  1  1 

 
 
 
 
 
 
 
 
 
 
 

Figure 3 Experimental injection set-up and thermocouples location 
 (unit : inch) 

 

 

 
The heat transfer coefficient is determined by an optimization program that searches for the 
numerical solution parametered by the heat transfer parameter H closest to the experimental 
temperature profile.  
 
Figure 4 represents the experimental temperature profiles along with the numerical solution 
derived from the one- and the two-equation models. Numerical curves fit better the 
experimental data when a two-equation model that includes the heat exchange effects between 
resin and fibers is used. Local thermal discrepancies of 15°C can be reached between the two 
numerical models.  
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Figure 4 Comparison between one-equation model (solid lines), two-

equation model (dotted lines), and experimental profiles (*) at 
different locations along the flow front direction 

 
 

CONCLUSION 
For accurate prediction of transient temperature profiles during the filling of a fibrous 
preform, it is necessary to consider the heat transfer coefficient between resin and fibers at the 
local scale. Numerical temperature profiles were obtained by implementing the two-equation 
model in a finite element code. The one-equation model without local heat exchange effects 
was also studied. It was shown that large temperature difference between the prediction of the 
two models can be obtained. The one-equation model would only give accurate temperature 
prediction at steady state. This model should only be used in slow processes, with slow 
temperature changes, whereas the two-equation model is needed for fast injection processes in 
order to correctly predict the curing kinetics of the resin system. 
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ABSTRACT: Cyclic butylene teraphthalate (CBT) thermoplastics offer significant 
advantages in terms of composite processing. Primarily, their inherent low viscosity means 
that fibre wet-out and impregnation can occur easily and rapidly, offering potential reductions 
in processing time and cost. CBT composites can offer the benefits of thermoplastics, 
including toughness and recyclability, without the high viscosities normally associated with 
these materials. These advantages are particularly significant for the manufacture of large-
scale composite structures, for example, wind turbine blades. Existing technology using 
thermosets mean that it is getting more and more difficult to process large quantities of 
composite materials cost-effectively. 
 
However, there are certain issues peculiar to CBT thermoplastics that must be overcome 
before large-scale processing can occur. High temperatures and rapid heating rates are unique 
to these materials when compared to traditional thermosets. The nature of the heat transfer 
mechanism for CBT materials heated this way is not very well understood. Previous 
experimental work in this area has provided some degree of understanding. The effect of 
different forms of material (pre-preg and power-impregnated dry glass fibres) has been 
investigated.  
 
The heating mechanism of the various material forms is discussed and analysed.  The 
temperature-dependent thermal conductivity of the various material forms is quantified using 
a guarded comparative longitudinal heat flow apparatus. A one-dimensional transient heat 
transfer model is obtained which will assist in determining if the necessary processing 
conditions are met before CBT processing is carried out.  

 
KEYWORDS: Cyclic butylene teraphthalate (CBT) composites, resin film infusion, powder 
impregnation, composite tooling, heating mechanism, thermal conductivity. 
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INTRODUCTION 
 
CBTTM (cyclic butylene teraphthalate) is a relatively new material that has been developed by 
Cyclics Corp. CBT is based upon using the cyclic oligomer form of PBT, a conventional 
engineering thermoplastic. PBT’s natural properties mean that it has very good potential to be 
used in a range of thermoplastic composite applications [1]. Processing of CBT occurs when a 
catalyst is added to the material and when subsequently heated, the short-chain oligomer 
chains open and bond together to form the long-chain polymeric PBT-form of the material. 
The inherent low initial viscosity (circa. 150 mPa.s), resulting from the use of shorter chain 
oligomers, means that it is eminently suitable for rapid processing of thermoplastic 
composites. Previous applications for thermoplastic composites have been restricted by 
having to use much higher temperatures and pressures in order to ‘wet-out’ reinforcing fibres 
using the much higher viscosity polymer-form of the thermoplastic. 
  
CBT-composites may be processed in a number of ways; however, two methods are most 
pertinent to the work that is discussed in this paper: resin film infusion / pre-preg and powder 
impregnation [2] (Figure 1). Resin film infusion (RFI) uses continuous carbon or glass fibre 
reinforcement that has been ‘pre-impregnated’ with the CBT-oligomer form of the material 
prior to being processed. A special catalyst is added to the CBT material that is not activated 
until a set temperature is reached. In essence, the CBT forms a resin ‘film’ mainly on one side 
of the reinforcement fabric that only fully ‘wets-out’ the fibres when secondary processing 
occurs at pressure. A more appropriate term to use would be ‘semi-preg’ rather than ‘pre-
preg’ as only one side of the glass fabric is completely coated with CBT during the 
application stage. Plies may be stacked in a conventional manner and ‘de-bulk’ significantly 
when heat and pressure are applied during processing.  
 
Powder-impregnated processing of CBT involves using dry continuous fibre reinforcements 
that are ‘sandwiched’ together, with an intervening layer of CBT dry powder between 
reinforcement layers. The powder is laid down during the lay-up process. Although more 
difficult to handle, powder impregnation does offer potential in terms of cost reduction (no 
need for additional pre-preg creation stage) and allows easier manipulation of the dry fabric 
layers as they are much more flexible compared to the ‘boardy’ and rigid RFI material. The 
higher bulk density of the powder also means that there is a more significant amount of de-
bulking and thickness reduction that occurs for powder-impregnated CBT. 

CBT powder ‘layer’ 

Reinforcement CBT resin ‘film’ 

 
Figure 1 Simple schematic of RFI and powder-impregnated CBT/glass fibre forms 
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A heat transfer analysis will be especially important going forward for CBT processing in 
order to design appropriate heated tooling and to allow prediction of the temperature profiles, 
heat transfer rates, etc. throughout the thickness of CBT-composites. This will be essential for 
very large thermoplastic composites structures e.g. wind turbine blades, where thick root 
section thicknesses (greater than 100mm) and use of sandwich construction in the aerofoil 
sections greatly complicates the heat transfer issue [3].  
 

 
HEAT-UP EXPERIMENTAL ANALYSIS 

 
It is useful initially to carry out a direct comparison of 3 different material forms as regards 
heat-up characteristics during processing – dry glass fibres (reference), RFI and powder-
impregnated glass fabric. To do this, a series of simple heat-up experiments was carried out. 
This involved placing a typical 6-layer lay-up on the surface of a heatable metal platen within 
a vacuum bag, attaching thermocouples at different points throughout the thickness and 
applying heat to a typical set-point of 195°C for CBT. The initial thickness of the dry glass 
fibre lay-up (using Saertex UD non-crimp glass fabric, 950 gsm) when vacuum is applied was 
4.5 mm. Results for the dry glass only are shown in Figure 2. As expected, the temperatures 
within the glass fibres lag the platen temperature by up to 20°C. However, the application of 
vacuum pressure ensures that intimate contact is made between the glass fibre layers and heat 
transfer occurs quite efficiently by conduction.  
 
Figure 3 shows the heat-up curve for a CBT-resin film infused glass fabric lay-up using the 
same type of glass reinforcement in terms of reinforcement type (unidirectional E-glass, 950 
gsm). The initial stack thickness is significantly greater than with the dry glass, approximately 
7.5 mm. This time, there is a much more significant temperature lag initially. The RFI layers 
are boardy and inflexible, even under vacuum pressure. Thermal contact resistance is much 
higher compared to dry glass due to the semi-rigid nature of the RFI form and non-intimate 
contact between the layers. Up to 120°C, the temperature of the top layer lags the bottom 
layer by up to 40°C. However, as the temperature of the stack approaches and passes 150°C, 
the heat transfer mechanism is significantly altered by a change in state of the CBT. It begins 
to melt prior to polymerisation taking place at higher temperatures. This phase change 
increases the heat transfer rate suddenly as the layers come into much more intimate contact 
as the liquid form of CBT removes any gaps between the layers and de-bulking occurs 
causing the thickness of the stack to reduce significantly. This sudden increase in heat transfer 
is seen as a ‘kink’ upwards on the time-temperature curve at around 130°C. The ‘kink’ is 
somewhat reversed between 140°C and 150°C (decrease in heat transfer rate) due to the latent 
heat of fusion effect as all of the CBT melts. Above 160°C, the through-thickness 
temperatures converge rapidly until the difference is only approximately 5-6°C at 190°C. 
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Figure 2 Heat-up of dry glass fibres 

 
 

Figure 3 Heat-up of RFI/CBT-glass fibre layers 
 
For the powder-impregnated form, the glass fibre layers (unidirectional E-glass, 950 gsm) 
were placed on the platen, with the CBT powder ‘sandwiched’ in between. The amount of 
CBT powder applied was the same amount as that used for the RFI-form in order to produce a 
final glass fibre volume fraction of 50%. Five identical powder layers were applied between 
the six glass fibre layers. When vacuum pressure was applied, the much greater bulk density 
of the CBT-powder meant the initial stack thickness was 10.4 mm, a 35% increase in 
thickness. It might therefore be expected that the powder impregnated form would exhibit the 
poorest heat transfer performance due to the greater thickness. The time–temperature heat-up 
curve is shown in Figure 4. Again, the through-thickness temperatures lag the platen 
temperature significantly. However, compared to Figure 3 (RFI-form), the heat transfer 
performance is significantly improved. 100°C is reached at Thermocouple A (top of the stack) 
after approximately 500s (8.3°C/min) compared to 720s for the RFI-form (5.8°C/min). This 
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may be attributed to a much greater intimate contact between the layers for the powder-
impregnated form, allowing heat transfer by conduction to occur more readily, despite the 
increased thickness. Again, the latent heat of fusion effect as the CBT melts is seen as a kink 
‘downwards’ in the slope of the graph at about 140-150°C. After this however, the 
temperatures converge rapidly as heat transfer occurs more readily through the fully ‘wetted-
out’ glass fibre layers. 
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Figure 4 Heat-up of powdered CBT/glass fibre layers 

 
 
 

THERMAL CONDUCTIVITY MEASUREMENT 
 
The behaviour of CBT composites is quite complex as regards heating behaviour. It has been 
demonstrated how the presence of CBT (as either a resin film or powder) can initially insulate 
and prevent heat flow, then as the CBT begins to melt, heat flow is increased significantly. A 
detailed analytical study incorporating a non-linear model of phase change effects on the heat 
transfer is beyond the scope of this work. Instead, an alternative approach is taken in which an 
account is made of temperature-variant thermal conductivity with the lay-up during heating – 
this is a reasonable assumption to make if we assume that the lay-up stack including all of the 
glass fibre and CBT behaves as a solid continuum during heating.  
 
In order to measure thermal conductivity, an apparatus designed and built by Lee [4] was 
used. This apparatus uses the guarded comparative longitudinal heat flow technique to 
measure ‘k’ values for different materials compared to a reference block of known 
conductivity. The design is based on a standard test method (ASTM E 1225-87). Although 
Lee only used his apparatus for measuring the thermal conductivity of dry fibre stacks, it was 
considered feasible to use it also for CBT RFI ‘pre-preg’ and CBT-powder impregnated glass 
fibre.  
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Figure 5 Schematic of thermal conductivity measurement apparatus 

 
A schematic of the thermal conductivity test apparatus is shown in Figure 5. The test 
specimen (in our case the CBT/glass fibre combinations) was placed between the reference 
blocks. In order to minimise contact resistance between the top and bottom layers and the 
reference material surfaces, a layer of thermally conductive paste was applied. A vacuum bag 
was applied circumferentially around the stack. When vacuum was applied, this had the effect 
of compressing the stack, similar to that seen on the heated platen from the previous set of 
experiments. A set-point temperature was specified for both the top and bottom heaters and a 
steady-state temperature gradient was allowed to develop over a period of time. The ‘k’ value 
for the specimen material was calculated by comparing to a known conductivity for the Macor 
glass ceramic reference blocks at a particular temperature.  
 
Results are shown in Figure 6. The ‘k’ values for the dry glass fibres (GF) were taken from 
[4]. The thermal conductivity for the RFI prepreg and the powder impregnated glass was 
measured at 90°C and 120°C. Due to wattage restraints on the equipment, it was not possible 
to measure thermal conductivity at higher temperatures. This is unfortunate as it is above 
120°C that the thermal properties of CBT begin to vary significantly as it changes from a 
solid to a liquid. 
 
 

 
Figure 6 Thermal conductivity for material forms 
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1-D TRANSIENT HEAT TRANSFER MODEL 
 
In general terms, the heating of a flat laminate with initial temperature T, thickness x, much 
smaller than its length and width, can be described as a simple 1-D heat conduction problem. 
Certain assumptions need to be made such as constant temperature boundary conditions, 
homogeneous make-up of the temperature slab, initially uniform slab temperature, etc. For 
our purposes, it will be useful to have a model which correlates experimental data with the 
predictive model using thermal conductivity data obtained in the previous section. 
 
The standard law of thermal conservation of energy applies and the heat transfer equation 
may be written as [5]: 
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where ρ = material density, cp is the specific heat, k is the thermal conductivity and Q 
represents the heat loss due to the latent heat of fusion upon melting. 
 
It is assumed for the initial model that k is a function of temperature and that ρ and cp are 
relatively constant with temperature. Also, we will only be modelling the heat transfer up to 
120°C, prior to the phase change of the material, therefore Q can be considered to be zero. A 
more comprehensive model will be developed as part of future work to incorporate heating to 
higher temperatures. 
 
Eqn. (1) is a partial differential equation and may be solved using the finite difference 
technique: 
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Where ∆(∆T) = (Ti+1 – Ti) - (Ti – Ti-1) = Ti+1 - 2 Ti + Ti-1 

 
    δT = Tj+1 – Tj ,  with i indexing across the node and j indexing over time. 
 
A numerical algorithm developed by Pafko [6] was adapted for use here. Written in Visual 
C++, thermal conductivity, density, & heat capacity can all be functions of temperature, time, 
and position. Appropriate values were inserted into the algorithm for CBT using data obtained 
by experiment and modelled using a simple curve fit (thermal conductivity) and from material 
data sheets and the literature for density and specific heat [7]. 
 
A fixed temperature boundary condition experiment was carried out to help verify the model. 
A stack of six CBT-RFI / glass fibre layers was inserted between two platens pre-heated to 
120°C. The temperature profile through the thickness was recorded. 
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Figure 7 1-D experimental vs. model data 
 

The experimental data is plotted against the model data in Figure 7. There appears to be good 
agreement for both the mid-point node and also at a node one layer in from the platen surface. 
As stated previously however, this model is only adequate for the initial heating stage up to 
120°C and needs to be expanded to include phase change effects between 130-150°C, and 
subsequently, the heat transfer in the melt phase up to 195°C, the recommended 
polymerisation temperature for CBT. 
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ABSTRACT:  In order to assess candidate impregnation methods for a novel netshape 
preforming method that uses low cost feedstock materials and automation, the impregnation 
phenomena must be understood. The preforming method comprises automated deposition of 
UD carbon fibre yarns together with a thermoplastic matrix along a preprogrammed path 
creating preforms of stacked material which are preconsolidated before conventional stamp-
forming. In order to evaluate different materials, improve stacking scenarios, and assess 
alternate preconsolidation routes, the infiltration kinetics must be considered in detail. The 
transverse infiltration of liquid thermoplastic polymer into a compressible unidirectional fibre 
bed has therefore been examined under isothermal conditions. An infiltration model, based on 
local fluid flow in compressible porous media has been extended to simulate infiltration of 
alternating matrix film and fibre layers, relating pressure, time, and temperature with the local 
fibre volume fraction, pressure and liquid and solid velocities in the stacked material. The 
model has been validated by comparison with experimental results. The fibre volume fraction 
distribution gives the optimum layer thickness values for a given set of conditions. In addition 
the results show that increased pressure leads to increased fibre bed compaction  and hence 
decreases permeability and limits infiltration. 
 
KEYWORDS: Thermoplastic composites, Impregnation, Net-shape preforming 
 
 

INTRODUCTION 
 
The high viscosity of most thermoplastics has been one of the main hindrances for 
introducing high fibre content composites in high volume applications [1]. In order to apply 
the most appropriate materials for a given process, the infiltration phenomena must be 
analysed. Methods to decrease impregnation time, such as commingling and powder 
impregnation, have been reported in the literature and are used in commercial products. In the 
net shape tailored preforming process examined here, where UD carbon fibres together with a 
Polyamide matrix are automatically laid along a preprogrammed path, [2,3], film stacking is a 
candidate route to reduce the infiltration length and lower impregnation time.  
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Impregnation of dry compressible preforms under constant pressure has been examined by 
Michaud et al. [4] for glass mat thermoplastics (GMT), extending an impregnation model by 
Sommer et al. [6,7], for the infiltration part of the process, previously used for soil theory and 
metal matrix composites. The preform relaxation and equilibration after infiltration was 
shown to dominate process time for pressures above 0.05MPa. This was also experimentally 
verified. Control of these steps is thus important in order to prevent or tailor an 
inhomogeneous reinforcement distribution [4,5].  
 
To apply and experimentally verify the impregnation model for aligned fibre composites, a 
fibre bed consisting of aligned UD carbon fibres has been transversally infiltrated with a 
Polyamide (PA) resin. The impregnation front is anticipated to be well defined, and a slug-
flow assumption can be applied [7]. The impregnation time is hence dominated by micro flow 
behaviour since no macro flow occurs.  
 
In addition, with consideration of the conflicting demands of maximizing final part properties 
and minimizing production time and hence cost, the optimum stacking scenario must be 
defined. The uniformity of the final fibre distribution, the effect of resin rich core layers for 
improved processing [9], and the average fibre content are important parameters to study. To 
examine these parameters, the effect of processing variables on an industrial film stacking 
scenario must be understood in order to optimise the entire process. Since no current model 
was able to examine the film stacking scenario in its complete state, a new model was built to 
adapt the single interface infiltration model to the problem. 
 
 

TRANSVERSE INFILTRATION 
 
To mathematically describe the constant pressure driven isothermal saturated infiltration of a 
compressible porous medium by a Newtonian liquid, a one dimensional infiltration model has 
been written based on the work of Michaud et al. [4,5,8,10] and Sommer et al. [6,7]. The 
model is used as a base for a film stacking impregnation model, where the time and distance 
space is discretized to examine complex stacking sequences through time. 

 
Fig. 1 Stages in the one dimensional infiltration model, after Michaud [4] 

 
The initial condition before infiltration is a relaxed fibre bed adjacent to liquid polymer (Fig. 
1a.). Pressure is then applied on the material, instantaneously compacting the fibre bed to the 
initial fibre volume fraction Vfi defined by the fibre network compliance, which has been 
measured for the UD fibre bed used (Fig. 1b). The impregnation front then progresses into the 
fibre bed with the velocity ul (Fig. 1c.). At the same time, the fibre bed behind the 
impregnation front relaxes back into the matrix with the velocity us. At this main 
impregnation stage, momentum balance prescribes that the applied pressure Papp will be 
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balanced between the effective load on the fibre network σ and the liquid matrix pressure Pl. 
The infiltration model describes the volume fraction evolution between xr and xf over time. If 
the matrix layer has an adequate thickness, the impregnation front may advance to fully 
impregnate the fibre preform if the right processing parameters are used (Fig. 1 d1.). On the 
other hand, dry fibres will remain if the matrix layer is too thin (Fig. 1 d2.). 
 
It is assumed that the gas in the dry fibre preform is at constant pressure and is driven out of 
the preform or absorbed in the matrix with negligible resistance. The liquid and solid phases 
are taken as incompressible and homogeneous versus time. Euler coordinates are used 
throughout with x=0 at the interface between liquid and solid after initial compression. 
 
Isothermal steady impregnation of a porous medium with a Newtonian fluid is described by 
Darcy’s law [8]. It is hence required that the flow is governed by viscous forces and has a 
Reynolds number, Re ≤ 1, which is the case here due to the high viscosity and small flow 
rates. Darcy’s law, here without gravity effects states; 

 ( ) dx
dP

V
Kuu

f
sl −

−=−
1ν

     (1) 

dP/dx is the pressure gradient, K(Vf) the permeability of the fibre bed calculated using the 
model from Gebart [11] using the measured fibre radius of 4µm and Vf the volume fraction 
fibre. The Newtonian matrix viscosity, v, was measured and modelled with an Arrhenius 
relationship with v=400Pa⋅s for 235°C and an activation energy of 70KJ/Mol. 
 
Neglecting internal and body forces such as gravitational forces in the solid fibre bed and the 
liquid matrix, stress equilibrium in one dimension yields; 
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Further relationships are found by applying mass conservation for liquid and solid phases 
respectively; 
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A “similarity solution” is used to simplify the problem as described by various authors [6,7]. 
This implies a Boltzmann transformation in Eulerian coordinates to find a reduced parameter 
X, which combines distance and time. The similarity solution will, following Mortensen et al 
[7], be valid for the case of constant applied pressure and a time independent viscosity. 
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where ψ is a time independent measure of the infiltration speed. 
 

Factors for the velocities are then introduced. The infiltration front velocity ul is governed by 
the factor l(X). 
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=       (5) 

 
 
The relaxation front velocity us is governed by the factor s(X). 

( )
t
Xsus 2

ψ
=       (6) 

 

167



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

Boundary conditions 
At the infiltration front: x = xl(t), us = 0, l=1+s(0), Vf = Vfc and Pl = Pg, which remains constant 
as long as the gas is expelled or is absorbed in the matrix, and neglecting the capillary 
pressure drop at the infiltration front. At the preform relaxation front the conditions are as 
follows; x = xs(t), Pl = Papp + Pg and Vf = Vfr. 
 
Combining Eqn. 1 to 6 gives three non-linear first-order differential equations; 
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From the development of Eqn. 8, follows that d((1-Vf)l+Vfs)/dX=0, showing the link between 
s and l, which simplifies the problem substantially since l(X) can be found explicitly when Vf 
(X) and s(X) are known. Eqn. 7 and Eqn. 8 were solved for the two functions Vf (X) and s(X), 
as well as for the parameter ψ, in a commercial code Matlab™. A well converging optimum 
solution was found using sequential quadratic programming with initial values for ψ2 and 
s(X=0) compared with known solutions for Vfc and s(1).  
 
The impregnation and relaxation length evolution with time is calculated by integrating the 
impregnation velocities over time. The corresponding real positions x to the values of X are 
then found to relate resin and fibre velocities, fibre volume fractions and pressures with x in 
the material as shown in Fig. 2a) and b). 

                   
Fig. 2 The results for Vf together with a) polymer pressure and, b) flow velocities for 20bar 

applied pressure, 250°C and 75s impregnation time 
 
 

FILM STACKING 
 
The isothermal infiltration model described in the previous section has been extended in order 
to be able to model a film stacking scenario by discretizing time and position. The model is 
able to consider any number of layers and layer thicknesses giving freedom to examine, for 
example, the use of a polymer rich flow core. All data can be input via a graphical user 
interface (GUI) or be directly written into Excel.  
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To find the order of impregnation events all stacked layers are examined for each time step 
(typically 0.5s) from zero to a user specified impregnation time. When a fibre layer has been 
fully infiltrated or a matrix layer has been ‘used up’, the exact time for the event is recorded 
and excessive time is monitored. This ensures that intermediate fibre layers are impregnated 
from both sides and that impregnation can continue from one side if the other has “run dry” 
from polymer. The result is a vector called “Interface” containing the apparent infiltration 
time at all interfaces. Using the Interface values the amount of relaxation into the matrix for 
“upper-” xrup(n) and “under-side” xrdown(n) for the dry fibre bed can be calculated, where n 
denotes the fibre layer. The infiltrated lengths xfup(n) and xfdown(n) are determined 
correspondingly.  
 
For each individual fibre/matrix interface, the fibre volume fraction is then found in discrete 
steps of a user defined step length of typically 1500 per mm. The step lengths are adapted to 
each individual layer thickness for improved accuracy. The pure matrix and fibre parts are 
subdivided in the same way. For each of the incremental steps, the fibre volume fraction is 
found using the previously predicted fibre volume fraction versus depth relation in the 
composite (xr and xf). An example of an arbitrary partially and fully impregnated composite 
can be seen in Fig. 3a) and b) respectively, from which an important variation in Vf is seen. 
The obtained simulation results can be used to improve the layer stacking sequence and, for 
example, the resin layer thickness and appropriate surface matrix layers if, for example, a 
matrix rich surface is desired.  
 

                        
 

Fig. 3  The results with 4 fibre layers processed at 250°C and 10bar for: a) a partially 
infiltrated material after 30s and, b) a fully infiltrated material after 100s 

 
The total time to complete impregnation of the composite is obtained by examining all 
individual layers and noting which has the longest infiltration time. If enough polymer 
thickness is specified, the optimum i’th layer thickness Tfilm(i) can be found that results in 
zero excess polymer. For the outer matrix layers the calculation is simpler, but for the i’th 
layer it takes the general form: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) fcupupupfcdowndowndownfilm VixfixrixfVixfixrixfiT ⋅−−+⋅−−−−−= 111   (10) 
 
The knowledge of the complete composite fibre volume fraction distribution gives the 
thickness at any time, the average fibre volume fraction, and the remaining porosity in the 
composite. 
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EXPERIMENTAL VERIFICATION 
 

An experimental evaluation of the simulated results was performed by impregnating aligned 
unidirectional carbon fibres with a Polyamide 6/12 copolymer for varying pressure and time. 
The impregnation depth was evaluated by analyzing optical micrographs as seen in Fig. 4 
illustrating the difference for a 15s and a 60s impregnation time at 250oC and nominally 6 bar. 
Due to scattering in the measured values, several measurements were taken and average 
values used for the impregnation length. 
 

 
 

Fig. 4  Impregnation after: a) 15s, and b) 60s by nominally 6bar at 250°C 
 
The first set of verification trials examined the effect of time on impregnation length, as 
shown in Fig. 5a using 6bar pressure and 250°C. The error bars for the simulation results 
correspond to the uncertainty in the pressure value for various experiments. The experimental 
results compare well with the simulation. It should be noted, that due to the machine response 
time, a non-negligible impregnation has already occurred at zero impregnation time, which is 
measured as the impregnation occurring when the applied pressure has just been reached and 
then removed. This will effectively move the experimentally based results towards a larger 
impregnation distance compared with the simulation results, especially for small 
impregnation times, which correlated well with the observed results. The second set of 
verification trials examined the effect of pressure on impregnation length for a fixed 
impregnation time of 60s. The pressure dependence of impregnation for a constant 
temperature of 250°C was measured and showed close correlation with simulation results, as 
seen in Fig. 5b.  

            
Fig. 5  Simulation results and standard deviation bars for experimental data 

 
 

SIMULATION RESULTS AND DISCUSSION 
 
Having verified the model against experimental impregnation values for changing time and 
pressure, the simulation model has been used to predict the effect of different stacking 
scenarios and processing parameters. Fibre layer thicknesses were measured in the relaxed 
state. The effect of temperature is shown in Fig. 6a.) for a stacking scenario with constant 
final thickness. Small variations (0.002mm) are due to discretization step size. When 
simulating the impregnation behaviour the necessary amount of matrix depends on the 
applied pressure as shown in Fig. 6b.) and hence fibre bed compression. The optimum 
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thickness, which is twice the size for the inner layers having two fibre interfaces, has been 
used in all following simulation runs to give the minimum final part thickness.  
 

                       
Fig. 6  a) Composite thickness evolution for four 0.2mm fibre layers and constant excess 

matrix, b) Necessary matrix thickness for outer and inner matrix layers depending on pressure 
for 0.2mm fibre layer thickness 

 
One of the fundamental results from the simulation is the change in impregnation time with 
resin viscosity for different fibre layer thicknesses, here seen in Fig. 7 for constant fibre layer 
thickness scenarios. This can directly be used to find the impregnation cycle time for the 
given process and material combination. 

 
Fig. 7  Time to full impregnation as function of resin viscosity and fibre layer thickness 

 
A pressure increase will increase the impregnation velocity up to a certain threshold value 
(here 20bar) even though the permeability decreases due to fibre bed compaction, as seen 
from Fig. 8a. By using this pressure, the impregnation time is optimized, but still depends on 
temperature, as shown in Fig. 8b, where the porosity content is monitored over time.  
 

                      
Fig. 8  For 0.2mm fibre layer thickness; a) Time for complete impregnation and b) The 

porosity content in the composite through process time at 20bar 
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CONCLUSIONS 
 
An infiltration model has been developed and validated using the current process of film 
stacking of UD fibres and thermoplastic matrix layers. Experimental measurements show 
good agreement with simulation results without the need for fitting parameters. Using the 
model, it has been possible to find optimum layer thickness values for given processing 
conditions. Furthermore, an optimum pressure with respect to impregnation efficiency was 
found, which is smaller than the maximum applied pressure. This is explained by the fact that 
increased pressure compacts the fibre bed and hence decreases permeability and limits 
infiltration. The model can be used to optimize a given production scenario and the materials 
used, and thus help reduce the development cost for new fibre impregnation technologies. 
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ABSTRACT: Experimental methodologies have been employed in the past to determine both 
longitudinal and transverse steady intraply shear viscosities of molten unidirectional 
continuous fibre-reinforced composites past resulting in, however, conflicting results. Many 
physical difficulties are inherently associated with testing for these material properties of 
thermoplastic matrix based composites due to the elevated testing temperature and fibre 
entanglement due to manufacturing vagaries. A model composite system has been adopted to 
overcome these difficulties consisting of long, rigid and virtually inextensible fibres 
embedded in a room-temperature liquid, Newtonian matrix. Experiments have been carried 
out to investigate the important rheological parameters associated with the deformation of 
continuous fibre-reinforced composite materials in steady-shear flow, both along and 
transverse to the principal fibre direction. To provide a constant shearing motion a custom-
built apparatus has been designed and constructed in which a thin, central plate can be drawn 
out at constant velocity from a test specimen while the shear force exerted by the plate on the 
specimen is measured. Experimental data has been collected for different pull-out velocities, 
fibre concentrations, and ply thicknesses and it has been found that the behaviour of the 
composite varies significantly with changes in these parameters. The observed deformation 
and results have been carefully interpreted and compared with other published data based on a 
similar model composite. The viscosities deduced from the experimental data were also 
compared with values predicted by various mathematical models put forward by several 
authors. It was concluded that the models grossly underestimate the viscosity values for all 
values of fibre volume fractions used. Discrepancies between the numerical and experimental 
results have subsequently been postulated. 
 
 
KEYWORDS: model composite, unidirectional, intraply shear, viscosity. 
 
 

INTRODUCTION 
 
The experimental measurement of the intraply shearing viscosities of an advanced composite 
material, carbon fibre reinforced polyetheretherketone (PEEK), has already been published 
[1]. The paper describes the experimental difficulties associated with induced a state of steady 
shear throughout samples of the composite at the forming temperature of the material and 
highlighted the conflicting results between that study and other published data.  
Experimental difficulties would arise by using the advanced thermoplastic composites by 
virtue of their physical properties i.e. the relatively high processing, hence testing, 
temperature, and quite significantly, fibre misalignment. The existence of relatively small 
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fibre misalignments had been noted in commercial composites; through a microscopic study 
of preimpregnated tapes of APC-2, it has been reported [2] that 83% of the fibres were within 
±1° of being perfectly aligned, and measured maximum off-axis deviations of up to ±4° both 
in-plane of the tape and out-of-plane. The amount of fibres misaligned to 4° was 2-3% 
approximately, however upon moulding, due to adjacent fibres to reorient co-operatively, this 
value could typically increase to 10% of fibres. Another imperfection of the internal structure 
of the composite, namely fibre entanglement, is a direct consequence of this fibre 
misalignment. Thus, without these complicating factors characteristic of commercial 
composites, direct comparisons could be made between experimentally determined results 
and those proposed by numerical models. 
 
Much in-road into establishing a database for the longitudinal and transverse intraply shear 
viscosities has recently been made using so-called ‘model’ composite systems, which are 
utilised to represent or imitate the properties of commercial composites. These model 
composites consist of a matrix that is a liquid at room temperature meaning that from an 
experimental point of view there is a significant advantage in that there is no need for a heat 
cycle. Several researchers [3-7] have made use of model composites consisting of larger 
diameter fibres than that found in commercial composites. This has the consequence that the 
fibres are straighter and more rigid which removes the complication of fibre misalignments 
and entanglements associated with commercial composite systems. There is also the 
advantage that with larger diameter fibres the model composite can be constructed by hand 
meaning that the fibre concentration can be controlled. This allows the effect of the 
concentration of fibres on properties to be investigated. 
 
In this paper a custom-built experimental apparatus is described that was designed to provide 
experimental values for the longitudinal and transverse viscosities of model composite 
systems undergoing steady-shear deformation. The apparatus has originally been detailed for 
use in the elevated temperature tests on APC-2 [1]. The operation of the instrument is based 
on the principle of drawing a thin, flat plate from a composite specimen using a constant pull-
out velocity and measuring the pull-out force as a function of the plate’s displacement from 
its initial position. By aligning the fibres parallel to the pull-out direction or perpendicular to 
this direction the anisotropic behaviour of the test specimen can be characterised, and through 
appropriate mathematical analysis, the readings of pull-out force can be converted into 
corresponding values of longitudinal and transverse shear viscosity. 
 
 

MODEL COMPOSITE SYSTEM 
 
The material used in the experiments was a model composite that could be assembled by 
hand, thus avoiding the complications of fibre entanglement and misalignment that occur in 
the commercial composites. The desired features of the constituents of the model composite 
were as follows: 
i) the matrix to be liquid at room temperature; 
ii) the matrix viscous enough to construct a composite without a great deal of sample 

loss, but ‘thin’ enough to wet the fibres; 
iii) the fibres to be straight, uniform, rigid and inextensible; 
iv) both constituents, fibres and matrix, to have similar densities; 
v) good adhesion between the matrix and the fibres. 
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Following previous work done on model composites [4-7], the composite selected consisted 
of long, rigid fibres of Nylon embedded in a liquid matrix of Golden Syrup. These 
constituents have density values of approximately 1.134gcm-3 and 1.45gcm-3 respectively. 
The Nylon fibres were manufactured using a standard extrusion process (Speciality Filaments 
Ltd), and supplied to order in a black colour with dimensions of 0.2mm diameter and 50mm 
length. The matrix was a Newtonian liquid with a viscosity of 70 Pa.s at 20°C.  
Comprehensive constituent examinations have been documented elsewhere [8]. 
 
 

APPARATUS 
 
An illustration of the front-end of the experimental apparatus, with a sample to be tested in 
situ, is given in Figure 1.  
 

 
 

Figure 1: Illustration of the custom-built shear apparatus, indicating main parts of the rig. 

 
The instrument consists of two principle units, one a commercially available Dartec rig to 
provide vertical motion for gap setting, and the other a side-mounted custom-built shear rig to 
provide the horizontal pull-out motion. The operating principles and technical details of the 
instrumentation and drive mechanism of the rig have been published [1, 2]. 
 
The temperature at which the test was conducted was of prime importance due to the high 
thermal sensitivity of the viscosity of the matrix. The surrounding ambient temperature was 
therefore controlled to within range of temperatures but was accurately recorded so that the 
resulting pull-out data could be standardised to 20°C. A Comark C9011 digital thermometer 
with a PP23L insertion probe, was used. The combination of the sensor and probe were 
calibrated by the manufacturer, according to NAMAS standards, to an accuracy of less than 
±0.03% of the reading, or a maximum or ±0.1°C over the full temperature range.  
 
 

SPECIMEN PREPARATION 
 
Composite specimens were constructed in a delicate, indeed tedious, manner by hand. The 
fibre wetting procedure involved immersing bundles of the Nylon fibres, gripped by one 
hand, into a globule of the Golden Syrup. The matrix was worked into the fibre bundle by 
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careful manipulation of the compound by fingertip until a consistent composition was 
achieved with full fibre wetting. The procedure to construct the full composite sample and 
centralising the pull-out plate, attachment to the load cell etc. was a delicate procedure to 
ensure acceptable alignment, correct fibre volume fraction and so on. 
 
 

EXPERIMENTAL PROCEDURE 
 
With the composite fully laid-up and in position the test was started and the motor engaged. 
Figure 2 shows a typical experiment in progress for a composite specimen in which the fibres 
have been aligned with the pull-out direction. The gap between the pull-out plate and the 
fixed top and bottom plates, or equivalently the thickness of each composite layer, is 4 mm. 
 
 

 

 

 

 

 

 

 

 

Brass rod 
Pull-out 
Plate 

Sheared 
Composite 

Bottom plate 

Top plate 

Support plate 

Load cell 

Figure 2: Photograph taken of a typical test in progress. 

The photograph shows the classic sheared profile of the specimen through its thickness. The 
characteristic ‘V’ shape is evident within the composite showing the through thickness 
intraply shear. 
 

RESULTS 
 
It should be noted that because of the high temperature-dependence of the viscosity of the 
Golden Syrup matrix all results for the model composite tests have been standardised to a 
temperature of 20°C. This allows a direct comparison of graphs and results to be made. To 
investigate the effect of pull-out velocity a series of tests was carried out in which composite 
specimens were sheared using a range of different pull-out velocities, starting at the lowest 
velocity, 0.025mms-1, and increasing in steps to the highest velocity, 1.25mms-1. The fibre 
volume concentration in the tests was chosen to be 60% in order to coincide with the high 
volume concentration of fibres found in a typical commercial composite, while the thickness 
of each layer of composite was 4mm. 
 
Figure 3 (a) contains a set of force versus displacement curves obtained for specimens in 
which the fibres were aligned with the pull-out direction. For the lower pull-out velocities, it 
is seen that the force immediately reaches a maximum point after which it gradually decreases 
over the remainder of the test. This suggests that at low shear rates an initial yield stress has to 
be exceeded at the start of a test in order for the material to deform. No such yielding 
behaviour was observed for the Golden Syrup alone, which implies that for the composite 
specimens some of the fibres might be coming into contact, thus leading to localised friction. 
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(a)     (b) 
Figure 3: Force versus displacement over 45 mm of shear for a range of pull-out velocities – 
(a) longitudinal direction, (b) transverse direction. 
 
Force versus displacement curves for specimens in which the fibres were perpendicular to the  
pull-out direction are shown in Figure 3 (b). These graphs indicate a significantly different 
behaviour, with the pull-out force increasing steadily to a maximum value, before levelling 
off and starting to decrease.  
 
During these tests it was observed that as the pull-out plate was withdrawn from the material, 
the fibres initially rolled over one another in what seemed to be a combination of rotational 
and translational flow, until after about 5-10mm of shear they bunched up as a result of the 
high fibre concentration. This led to a log-jamming effect (c.f. Figure 4) whereby each layer 
of composite appeared to become locked. A rapid build up in pull-out force was observed 
until a critical force was reached which was sufficient to draw the material at the front of the 
specimen from the enclosure of the fixed top and bottom plates, after which the force started 
to decrease. Examination of the internal structure of the sheared material showed a marked re-
organisation and re-orientation of the fibres, with a distinct 'criss-cross' configuration. 

Initial Random Packing Log-Jamming Effect  
Figure 4: Simplified schematic of the effects on the fibres in a transverse shear test. 

The experimental work was extended to determine the effect of fibre concentration on the 
composite’s rheological properties. Tests were carried out on composite specimens of five 
different concentrations – 20%, 40%, 50%, 60% and 70%. The lowest value of concentration 
was set at 20% because, firstly, this would be the lower limit to any commercially available 
composite systems, and secondly, there was very much a practical reason for this value of 
20% - below this concentration, it would have been extremely difficult to construct a 
composite with a somewhat even fibre distribution, although even 20% proved difficult to 
obtain successfully in practice. All specimens were sheared using a pull-out velocity of 
0.1mms-1, and the thickness of each layer of composite was 4mm. The longitudinal test results 
are shown in Figure 5. 
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Figure 5: Force versus displacement curves obtained for specimens in which the fibres were 
aligned with the pull-out direction. 
 
Force versus displacement curves for specimens in which the fibres were perpendicular to the  
pull-out direction are presented in Figure 6. 
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Figure 6: Force versus displacement curves obtained for specimens in which the fibres were 
aligned normal to the pull-out direction. 
 

DISCUSSION 
 
All of the results collected for 60% fibre volume concentration composites, tested in the 
longitudinal direction are presented in Figure 7. All shear rates are included in this plot. 
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Figure 7: Calculated viscosity values versus shear rate, fibre volume fraction at 60 % - 
Longitudinal direction and the associated log-log plot. 
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From this plot it was observed that at the lowest shear rate, the longitudinal viscosity had 
relatively high values of 14,000 Pa.s for a 2 mm gap height, but, more importantly, ca. 11,000 
Pa.s at a 4 mm gap height.1 As the shear rate increased the viscosity values decrease rapidly 
before levelling off. This levelling off of viscosity may suggest that there was an identifiable 
region at the higher shear rates where the behaviour of the composite could be regarded as 
being approximately Newtonian. However, the shape of the curve is characteristic of 
pseudoplastic or shear-thinning polymer melts [9].  If one plots the viscosity values versus 
shear rate on a log-log scale, ignoring the outlying values recorded for the 1.25 and 1.0 mm 
gap heights, one can clearly see a ‘power-law’ region, typical of a polymer melt, over that 
shear rate range. In a similar manner, one may analyse the results derived from the 
experiments on the model composites, with the same preceding parameters, but with the 
fibres aligned in the transverse direction. Figure 8 is a plot of the viscosity values versus shear 
rates. 
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Figure 8:Calculated viscosity values versus shear rate, 60 % concentration - Transverse 
direction and the associated log-log plot. 
 
Again, pseudoplastic behaviour is evident from this viscosity profile. In this principal 
direction, the viscosity drops off from in excess of 50,000 Pa.s at the lowest shear rate to 
approximately 4,000 Pa.s at the highest shear rate. Figure 9 shows the dependence of 
composite viscosity in both principle fibre directions against fibre concentration. For the 
lower values of concentration there appeared to be a relatively small dependence. 
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Figure 9: Viscosity versus fibre concentration at a single rate of shear – both longitudinal and 
transverse directions. 

                                                 
1 4 mm Gap Height was taken as the reference thickness when one compares the number of fibres through the 
thickness to a single ply of APC-2. 
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However, approaching 50% fibre volume concentration, this dependence was significantly 
more marked, in particular regarding the transverse behaviour. Throughout the range of fibre 
volume concentrations, the transverse viscosity values were greater than the corresponding 
longitudinal viscosity. This difference was again more apparent towards the higher values of 
concentration. 
Roberts and Jones [5], who applied the method of dynamic testing to investigate the same 
composite system, also identified such a Newtonian region. They found the material to be 
frequency thinning with sharp decreases in longitudinal and transverse dynamic viscosities up 
to a given frequency, after which each viscosity levelled off. Roberts and Jones also found 
that for specimens of 60% fibre concentration, the transverse viscosity was significantly 
greater than the longitudinal viscosity, which agrees qualitatively with the data in Figure 9. 
Goshawk and Jones [6] carried out dead-weight loading tests to determine values for ηL and 
ηT. They also found the transverse viscosity to be much greater than the longitudinal viscosity 
for specimens of 60% concentration, but it is significant that in these tests ηL and ηT were 
found to be independent of shear rate, which clearly contradicts the above findings. Goshawk 
and Jones also reported that none of their specimens exhibited yield-like behaviour, whereas 
in the previous section clear indications of the existence of yielding behaviour was observed 
for specimens sheared along the direction of the fibres. The dynamic tests carried out by 
Roberts and Jones revealed an interesting variation of the ratio of the composite viscosities 
with fibre concentration. Surprisingly, it was found that the longitudinal dynamic viscosity η'L 
was significantly higher than the transverse dynamic viscosity η'T for fibre concentrations 
below 55%, while at a concentration of 55% η'L was equal to η'T, and for concentrations 
greater than 55% η'T became much greater than η'L. No such cross-over in viscosity values 
was observed by Goshawk and Jones in their dead-weight loading tests on the same model 
composite system. It was speculated that the disparity could be due to the relatively large 
strains imposed on the material in the dead-weight loading tests. 
 
Table1: Comparison of viscosity ratios for model composites of increasing fibre 
concentrations. 

 Current Study Roberts et al Goshawk et al 
Concentration 

% M

L

η
η  

M

T

η
η  

M

L

η
η
′
′

 
M

T

η
η
′
′

 
M

L

η
η  

M

T

η
η  

20 7.99 * 2.73 1.93 2.85 3.71 
40 14.89 16.25 5.83 4.10 7.43 26.57 
50 32.14 46.38 7.76 6.71 * * 
60 83.38 268.97 11.04 12.61 134.29 262.86 
70 430.23 816.63 21.37 38.44 * * 

 
In Table 1, the results of these previous investigations are shown along with viscosity values 
determined from the current study. For comparison purposes, the viscosities quoted are 
relative viscosities calculated by dividing the measured viscosity of the composite by the 
corresponding matrix viscosity ηM at the test temperature. 
From the figure, it can be seen that the relative viscosities calculated in the current study and 
those derived by Goshawk and Jones are of the same order of magnitude, with the relative 
transverse viscosity greater than the relative longitudinal viscosity over the entire range of 
concentrations. It is significant that in the present study the ratio of the relative viscosities at 
40% concentration is much closer to unity than the ratio for the data obtained by Goshawk 
and Jones, suggesting that at lower concentrations there might be a cross-over of viscosities. 
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Several authors [10-12] have put forward analyses that are concerned with determining 
formulae for the longitudinal and transverse shear viscosities of composites in terms of the 
fibre volume fraction and the shear viscosity of the matrix. The basic configuration 
considered in each analysis quoted is that of a composite/suspension comprising perfectly 
aligned, rigid fibres embedded in an incompressible Newtonian viscous liquid matrix. The 
fibres are understood to have a regular packing arrangement and have a large aspect ratio. 
Moreover, the composite system is undergoing steady shear in either along or transverse to 
the main axis of the cylinders. The experimental values for viscosity collected during the 
current study on the fibre concentration dependence are plotted together with the values 
predicted by the three analyses in Figure 10 and listed in Table 2. Throughout the range of 
fibre concentrations considered, the longitudinal viscosities are less than the transverse 
viscosities, which agrees qualitatively with the theories put forward by Christensen [11] and 
Pipes [12]. 
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Figure 10: Comparison of the experimental and theoretical fibre concentration viscosity 
dependence.  
 
Table 2: Comparison of experimental viscosity ratios with those arrived at by theoretical 
models, for the 0.2 mm fibre diameter model composites.  

 Experiments Binding Christensen Pipes 
Concentration 

% 
M

L

η
η  

M
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η
η  
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η  
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η
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η
η  

M

T

η
η  

20 7.99 * 2.84 1.50 1.58 1.51 2.02 
40 14.89 16.25 5.32 2.37 2.89 2.25 3.49 
50 32.14 46.38 7.54 3.08 4.31 2.97 4.95 
60 83.38 268.97 11.49 4.20 7.14 4.47 7.94 
70 430.23 816.63 20.34 6.20 14.23 9.44 17.88 

 
Clearly, the values of ηL and ηT predicted by the models increasingly underestimate the 
measured values as the fibre concentration increases. The disparity between theory and 
experiment can be attributed to two factors. First, the models are based on geometrical 
arguments and do not take fibre-fibre interaction into consideration, which certainly does 
occur during the experiments and increases with fibre volume fraction. The fibre-fibre 
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interaction on a microscopic scale, i.e. two fibres moving with a relative velocity with an 
intervening Newtonian liquid, is the basic building block. This is representative of the 
macroscopic deformation behaviour of the whole composite. Secondly, in the models it is 
assumed that the fibres lie within the planes of shear and this will not necessarily be so during 
an experiment. If fibres become misaligned with the shear planes then a velocity gradient will 
exist along their length. Since the fibres are inextensible, there will be an increase in the drag 
on the fluid, which would translate into a higher measured viscosity. All of the theoretical 
models referred to base their assumptions on the idea of the continuum, which the 
experimental evidence certainly contradicts. Further, the viscosity ratios arrived at during a 
separate investigation on a real commercial composite [8], APC-2 indicate that the 
longitudinal value is approximately 1200 and the transverse value 500. These value are 
significantly greater than those predicted by the mathematical models for a fibre concentration 
of 60%. 
 

CONCLUSIONS 
 
A custom-built shear apparatus has been successfully developed and applied to investigate the 
steady-shear deformation of a model composite system consisting of straight, rigid fibres in a 
liquid, Newtonian matrix. The rheological behaviour of the composite has been investigated 
for different pull-out velocities and fibre concentrations with the following key results: 
For high fibre concentrations, the longitudinal and transverse viscosities decrease rapidly with 
increasing pull-out velocity, before eventually levelling off to an approximately constant 
value. Calculations of the viscosities indicate that the transverse viscosity is much greater than 
the longitudinal viscosity over the entire range of velocities considered. The values of 
viscosity, for both the longitudinal and transverse directions, showed significant shear-
thinning typical of a polymer melt. 
Yield-like behaviour can occur when specimens are sheared along the direction of the fibres. 
This is most pronounced at high concentrations and low shear rates, and is believed to be 
caused by localised friction between neighbouring fibres. At high shear rates, these frictional 
contacts are easier to overcome and there is a transition to Newtonian behaviour.  
Extensive re-organisation and re-orientation of fibres is observed for specimens sheared 
perpendicular to the fibre direction. With increasing concentration, there are indications that 
the properties of the composite become more solid-like. 
The deformation of the composite at high shear rates and high concentration might be assisted 
by the formation of thin, resin-rich layers, resulting in a plug flow in which relatively little 
shearing occurs through the composite thickness. 
The results from the model composite test series were also compared to those predicted by 
mathematical models. When the experimentally determined viscosity values for each fibre 
concentration were plotted against those predicted by the models, the models consistently 
underestimated the viscosities, in particular towards the higher levels of fibre concentration. It 
was speculated that the models describe purely idealised composite materials regarding their 
initial fibre distribution and the flow behaviour of perfectly aligned cylinders in a Newtonian 
matrix. As was evidenced during the experiments, a great deal of fibre-fibre interaction may 
take place during the shearing action of the composite, resulting in much larger shear forces 
being developed throughout the material, thus increasing the viscosity. Moreover, no model 
can predict the extremely complex nature of the fibre movement in the transverse direction, 
including the combined rotation and translation eventually leading to localised bunching and 
so on. Thus, the models derived to predict the viscosity of a composite, relative to the matrix 
viscosity, are quite limited in their characterisation of model composites, and hence, more 
significantly would be of limited benefit to predicting the shearing behaviour of a real 
commercial high fibre volume unidirectional composite system.  

182



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 
 

REFERENCES 
 
[1] Stanley, W. F., and Mallon, P. J., “Intraply shear characterisation of a fibre reinforced 

thermoplastic composite”, Composites Part A: Applied Science and Manufacturing, 
Volume 37, Issue 6 , June 2006, Pages 939-948 

[2] Yurgatis, S. W., “Measurement of Fiber Misalignment in Aligned Fiber Composites 
and the Influence of Lamination on Misalignment Distribution”, Proceedings 
American Society for Composites 3rd Technical Conference, 1998, pp. 587-596. 

[3] Stanley, W.F., Roberts, R. and Mallon, P.J., “The Characterisation of the Shear 
Deformation Behaviour of Fibre-Reinforced Composites”, Sixth International 
Conference on Automated Composites ICAC, Bristol, 23-24 September 1999, pp 31-
44. 

[4] Roberts, R.W. and Jones, R.S., ' Anisotropic Shear Flow in Continuous Fibre 
Composites', Composites, Volume 25, Issue 3, 1994, pp 171-176 

[5]  Roberts, R.W. and Jones, R.S., “Rheological Characterisation of Continuous Fibre 
Composites in Oscillatory Shear Flow”, Composites Manufacturing. Volume 6, 
Number 3-4, 1995,  pp 161-167 

[6]  Goshawk, J.A. and Jones, R.S., “Structure Reorganization during the Rheological 
Characterisation of Continuous Fibre-Reinforced Composites in Plane Shear”, 
Composites Part A: Applied Science and Manufacturing, Volume 27, Issue 4, 1996, 
pp 279-286  

[7]  Roberts, R.W. and Jones, R.S., “Fibre Walk-Out During Small Amplitude Oscillatory 
Shear Flow 

of Continuous Fibre Composites”, Composites Science and Technology, Volume 58, 
Issue 6, 1998, pp 855-869 

[8] Stanley, W. F., “Intraply Shear Characterisation of Fibre Reinforced Composites”, 
Ph.D. Thesis , University of Limerick, October 2002 

[9] Lenk, R. S., “Plastic Rheology”, Maclaren, 1968. 

[10] Binding, D. B., “Capillary and Contraction Flow of Long (Glass) Fibre Filled 
Polypropylene”, Composites Manufacturing, Volume 2, Number 3/4, 1991, pp. 243-
252 

[11] Christensen, R. M., “Effective Viscous Flow Properties for Fiber Suspensions under 
Concentrated Conditions”, Journal of Rheology, Volume 37, Number 1, 1993, pp. 
103-121 

[12] Pipes, R. B., “Anisotropic Viscosities of an Oriented Fiber Composite with a Power-
Law Matrix”, Journal of Composite Materials, Volume 26, Number 10, 1992, pp. 
1536-1552 

 

183



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

 

184



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 
A CONSISTENT WOVEN FABRIC UNIT CELL AND 

PREPROCESSOR FOR MESO ANALYSES OF 
DEFORMATION AND PERMEABILITY 

 
Gilles Hivet1, Bertrand Laine2, Philippe Boisse3 

   
1 Laboratoire de Mécanique de Systèmes et des Procédés, UMR CNRS 8106, ENSAM-
Polytech’Orleans, 8 rue Léonard de Vinci 45072 ORLEANS Cedex, France : 
 Gilles.hivet@univ-orleans.fr
 
2 Office National d’Etudes et de Recherches Aérospatiales 
29 avenue de la Division Leclerc, 92322 CHATILLON,  France : 
Bertrand.laine@onera.fr 
 
3 Laboratoire de Mécanique des Contacts et des Solides   
UMR CNRS 5514, INSA de Lyon, Bâtiment Jacquard, Rue Jean Capelle, 69621 
VILLEURBANNE Cedex, France : Philippe.boisse@insa-lyon.fr 

 
 

ABSTRACT:  Analyses of mechanical behaviour and resin flow at the mesoscopic scale, 
need accurate geometrical model and mesh of woven composite reinforcement unit cells. 
From experimental observations of yarn geometry for different cases of yarn structure and 
weave patterns a 3D model of the woven yarn shape is defined. From this yarn model, a 
consistent 3D geometrical model of fabrics is presented. This model ensures an accurate 
contact between yarns. It is called consistent because penetrations and spurious voids between 
warp and weft yarns are avoided. The yarn section shape varies along the trajectory, so that 
the influence of contact between yarns on their cross-section shape can be taken into account. 
A meshing preprocessor based on this geometrical model is then developed. Its consistency is 
important for analyses of the unit cell deformation and resin flow simulations within this 
strained woven cell.  
 
KEYWORDS: Fabric, Unit cell, Geometrical model, Mesoscopical model, Meshing pre-
processor, Geometrical consistency. 
 
 

INTRODUCTION 
 
In the LCM processes (RTM for example), the first step consists in forming the dry fabric 
before the resin is injected in a second step. Simulations of these processes (forming of the 
reinforcement and resin flow) are very interesting tools in order to predict the conditions for 
the feasibility of a composite part without expensive prototypes. Nevertheless, to perform 
these simulations, fabric mechanical properties and permeability properties have to be known. 
Experimental analyses may allow the obtaining of both mechanical properties and 
permeability [1][2][3][4][5]. These experiments are often expensive, time consuming and 
moreover don’t enable to obtain results on non-existing fabrics. Thus, simulation is a possible 
alternative to obtain fabric properties. Since most of the fabrics are periodic material, it is 
possible to define an elementary cell from which the fabric can be constructed. The fabric 
behaviour (stiffness and permeability) is then deduced from the analysis of the elementary 
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cell. Finite element analysis is an efficient method to perform these computations, but it needs 
an accurate meshing of the unit cell [6][7]. The multi-scale nature of the fabric (macro-scale), 
composed of yarns (meso-scale), themselves composed of fibres (micro-scale) leads to a 
complicated geometry that is difficult to model. A simplified geometrical model has to be 
used to obtain the mesh of the elementary cell. Numerous models exist [8][9][10][11]. 
Nevertheless, meshes obtained with these models are not really well adapted to finite element 
analysis of the unit cell since contact surfaces between yarns are not described precisely 
enough. Interpenetration between yarns, likewise the existence of unreal voids (due to the 
modelling) significantly affects finite element results. The goal of this study is to present a 
tool for the definition of a consistent 3D geometrical model of fabric (i.e. that avoids 
interpenetration and spurious voids) and its application to a meshing pre-processor [12]. 
These meshes are applied to mesoscopic finite element simulations of fabric deformation [6] 
and injection simulation on the deformed reinforcement [13].  

GEOMETRICAL MODELS OF THE WOVEN UNIT CELL 

Experimental observations 
 
Models have been developed to be able to give a description of fabric geometry at the initial 
state.  
 

 

Contact part 

Contact-free part 

 
trajectory 

 
Fig.1 Transverse cut of a glass plain 

weave. Definition of yarn section  
 

 
Fig 2  Transverse cut of a glass plain weave. 

Definition of  the trajectory  
 

 
There are two types of mesoscopic models. For the first type, yarns are assumed to be a 
composition of hinge rods. These rods can be deformable [8] or rigidities can be introduced 
by springs. The Kawabatta model is simple, but it is not 3D consistent. No 3D model can be 
made without interpenetration between the yarns of the two directions. Thus, coefficients 
identified concerning transverse crushing behavior are not physically consistent [6]. In the 
second type of model, the fabric is assumed to be the composition of 3D yarns that are 
supposed to be homogenous [14][15]. Their purpose is to give a better description of fabric 
geometry at the initial state. Most of them are based on the principle of a constant section 
with curvilinear trajectory. Curves used to represent elements can be sinusoids, splines, 
circles, or polynomials with elliptic section. Nevertheless, in general, consistency is not 
ensured. Some interpenetration can be noticed at the contact zone between warp and weft 
yarns. A main reason is that the constant section is not possible without interpenetration. The 
proposed geometrical model for fabrics will be consistent (no interpenetration and no 
spurious void). It is based on experimental observations. Then its application to a meshing 
preprocessor will be shown. Finally, we will apply the model to perform 3D finite element 
simulations on the elementary cell, in order to identify mechanical properties and 
permeabilities. 

 
Different experimental methods can be used to observe the cross section and the trajectory. 
For many fabrics, the cohesion between fibers is not sufficient to ensure the conservation of 
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the cross section with contact. Thus, contact methods are not useable to identify dry fabrics 
geometry. Two other types of methods can be carried out. The first one is based on optical 
measures. These techniques enable to perform precise 3D geometrical measurements but only 
the visible parts can be obtained. The second one consists in coating a dry fabric sample with 
a resin to keep the original shape and then cut the sample. But the resin penetrates inside the 
yarn, between the fibers, and can modify its shape. None of these techniques is perfect but 
allowed us to obtain interesting information on the yarn section shape for a dry fabric at the 
initial state. Different materials and different weavings have been tested, some of them due to 
collaborations with University of Massachusetts Lowell (Fig. 1 to 5). It can be seen from 
these observations that the reorganization of the fibers in the yarn appears to be a very 
important phenomenon. The cross section is dissymmetric due to the contact, and it changes 
depending on boundary conditions on the fabric (Fig 1 to 5). Thus, the cross section has to 
change along the trajectory.  It is clear that the assumption of a constant section is not correct. 
  

Contact-free zone 

 
Fig. 3 Yarn cross section when the fabric 

is stretched in the opposite direction 
Fig 4  Transverse cut of a glass plain 

weave, contact free zone 
 

 
 

Fig 5  Transverse cut of a Twintex fabric 
 
The second series of tests have been performed with optical measures. Some of the results are 
presented Fig. 6 for a carbon twill and a glass plain weave. The specificity of these two 
fabrics is that the carbon yarns are coated and the glass yarns are twisted. The consequence is 
higher cohesion between the fibers in the yarn. Here again, the cross section is dissymmetric. 
The contact zone between the yarns is large and the contact mainly influences the cross 
section shape. But the reorganization of fibers is not sufficient to get to the lenticular shape 
previously observed. There are lateral zones between the contact and contact-free sides. 
 
Consistent 3D model of the geometry 
 
The conclusion of all these experiments is that three different zones can be differentiated for 
the cross section: a contact zone, a contact-free zone, and a lateral zone that can be limited to 
only two points in case of a weak cohesion of fibers (Fig. 7). In the general case, these three 
zones can be approached through four conic curves for instance (parabolas, circles). Values 
chosen for the lateral conics parameters will make these vary from straight line to dot. Thus, 
all types of yarns observed can be represented using this model. For plain weave fabrics, the 
symmetry according to the vertical plane leads to a simplified form of the cross section.  
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Fig 6. 3D optical measure of dry fabrics at the initial state 
(a) unbalanced glass plain weave (b) carbon twill 2 ∗ 2.. 

 
 
 

 
Fig 7. Models for the cross section of a 2D fabric: (a) generic (b) plain weave. 

 
The trajectory is constrained by the necessary 3D consistency of the fabric model. For plain 
weaves, the contact zone will consist in the same conic as that of the cross section (Fig 1.). In 
the contact-free zone, no lateral load is applied to the yarn. Given that the bending rigidity of 
yarns is very weak, the contact-free part of the trajectory should be straight (Fig. 4). So, the 
trajectory is composed of conics and straight segments. Tangency conditions between conics 
and segments must be ensured.  
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Fig. 8  Model of a trajectory for twill 3 *2. 

 
For twills, the problem is a little bit more complex.A yarn passes over m and under n 
transverse yarns. When this yarn passes over the m transverse yarns, two cases may be 
considered: 

• The yarn follows the original curvature of the transverse yarn cross sections. In this case, 
the yarn is curved when contact occurs. 

• The transverse cross section flattens and the yarn keeps almost straight. 
The second assumption is much more consistent with our previous observations. Moreover, 
when the fabric is deformed, tension in the fibers will make this second model more suitable. 
The trajectory obtained for any twill (or satin) is then very simple, which is a good point for 
model identification. This is presented in Fig. 8. Variations of section shape along the yarn 
are taken into account using control sections at control points (Fig. 9)[12]. 
 
 

M11

M16M15

M14

M13

M12

M22

b2

b1

w

c2

P22
P25

 
Fig. 9.  Transverse cut in the direction 1 of the simplified model for a twill m*n. 

 
The complete 3D model of the yarn is obtained through a smooth interpolation between the 
control sections, which respects the imposed trajectory. The interpolation is obtained using 
CAD software, such as PROEngineer®, which includes a “swept blend” feature that is able to 
build volumes using control sections and trajectories. The elementary cell of fabric is 
obtained by assembling m+n yarns. Figure 10 and 11 present the obtained geometry in the 
case of a 3*2 twill and of a 4*3 twill. Sections shapes at the beginning and the end of the 
contact are prescribed to ensure consistency. The model is said to be “consistent” because it 
guarantees there is no penetration between warp and weft yarns, and it imposes that contact 
happens where it should take place. 
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APPLICATIONS TO MECHANICAL AND PERMEABILITY  

PROPERTIES DETERMINATION 
 

A meshing software such as Patran® can be used to obtain a finite element mesh from 
geometries obtained using the consistent 3D model. A PCL routine enables to generate 
automatically a hexahedral mesh of the elementary cell. In that way, a 3D geometrical  

 

Fig. 10  3D model of a carbon twill 3*2 Fig 11 3D model of a carbon twill 4*3 
 

meshing pre-processor of woven unit cells is defined.  The mesh obtained in the case of a 
plain weave is presented figure 12. These meshes permit to perform virtual tests in order to 
obtain the mechanical behaviour of the fabric from finite element simulations [6]. These 
analyses permit to investigate the influence of different parameters. They also allow analysing 
fabrics before their manufacturing. An example of the shear deformation of twill 2*2 is 
presented figure 13. 
 

 

Fig. 12   3D mesh for a plain weave fabric Fig 13  Finite element simulation of the shear 
deformation of a twill 2*2 

 
 

The 3D preprocessor is also used for the generation of the channel network geometry that is 
the complementary volume of the reinforcement. The obtained mesh (Fig. 12) permits to 
simulate the resin flow (Fig. 13) and to deduce the permeability matrix [13].  
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Fig. 14   Mesh of the complementary part 
of a plain weave 

Fig. 15 Resin flow in a glass plain weave 

 
 

CONCLUSION 
 
A consistent 3D geometrical model for woven fabrics has been defined. It is adapted to most 
weavings. It insures no penetrations and no spurious voids in the contact zone between warp 
and weft yarns. It is the first stage of a 3D geometrical meshing preprocessor of the unit 
woven cells. Using PROEngineer® and Patran®, hexahedral meshing of the fabric 
geometrical model can be obtained. This permits 3D finite element analyses of elementary 
cells in order to determine the mechanical behaviour properties by virtuel tests. It can also be 
used to simulate resin flow in the complementary volume of the yarns and in that way 
calculate the permeability parameters. Future developments will concern more complex types 
of fabrics, such as 2.5D or 3D fabric. 
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ABSTRACT:  The determination of accurate permeability values is critical to process 
simulations for Resin Transfer Molding (RTM).  New instrumentation was developed for high 
throughput permeability measurements.  The design extends the work of Hoes [1] with new 
sensor design, much larger sensor pattern, and new analysis software.  The new set-up was 
used to measure the permeability of a basalt woven 3/1 twill fabric.  A comparison with 
previous work on 2/2 twill and plain woven fabrics reveals a relationship between the breadth 
of the anisotropy distribution, the principal components of the permeability tensor and fabric 
structure.  This relationship has implications for manufacturing reliability, and may help 
explain why certain fabrics process much more consistently than others do.  
 
 
KEYWORDS: Permeability, Reliability 
 
 

INTRODUCTION 
 
Accurate permeability values are extremely important for resin flow simulation and mold 
design in resin transfer molding (RTM). RTM has gained rapid acceptance [2 ] among 
composite processing techniques for its ability to mold large, complex shaped parts with a 
good surface finish. Yet, problems often occur due to non-uniform impregnation, void and dry 
spot formation [3], and lengthy impregnation cycles. If the permeability is known, the flow 
behavior can be properly computed as well as the mold clamping pressure, strength of the 
mold for shape retention [4] and pressure distributions in the mold. 

 
Permeability is dependent on the pore geometry of the porous filler media of the composite 
[ 5 ]. Analytical models [6 ] have been developed to calculate the permeability of fabric 
materials yet they often do not take into account the actual complexity of the pore geometry.  
Numerical models are either very computationally intensive [7] or need time-consuming 
acquisition of the 3-D pore structure [8].  

 
Permeability values are primarily obtained by experimentation via unidirectional flow (UD) 
methods (saturated or unsaturated) [9] or radial flow methods [9a, 9c, 9d]. In the UD flow 
experiments, permeability values in a specified direction are measured. In a saturated UD 
experiment, the fabric is compressed in a mold and the test fluid is forced through the mold. 
The flow rate and the pressure drop are recorded versus the length of the mold at steady-state 
[9a]. Whereas, in an unsaturated UD experiment, the fluid flows through the dry fiber bed, 
replacing the air present in the material.  UD experiments are susceptible to edge effect errors 
(i.e. the fluid prefers the path of least resistance: flowing through the space devoid of fabric at 
the mold wall). Another drawback is that at least three measurements must be done to fully 
characterize the in-plane permeability tensor. 

195

mailto:rparnas@ims.uconn.edu


The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 
The radial test (or 2D test) can only be used with unsaturated flow methods. Fluid is injected 
into the center of the mold under either constant injection flow rate or constant injection 
pressure. The fluid superficial velocity can be determined with a transparent top plate and a 
video camera.  The main advantage of the 2D test is that it allows the determination of both 
the in-plane permeability components and their angle in one single experiment [1].  
 
The work presented here builds on the work of Hoes et al. [10], in which we have constructed 
a 2D unsaturated experimental set-up with two stiff metal plates and electrical sensors which 
record the flow front progression as a function of time.  The apparatus presented supports a 
highly automated system that can be replicated with high frequency (5-10 per hr).  As 
permeability is a statistically distributed parameter it can only be characterized by multiple 
experiments.  With improved test frequency, we are now able to address the large standard 
deviation that prevails in permeability reporting.  The rapid measurement methods also allow 
statistical corroborations to be made of the effects of fabric structure and anisotropy on 
permeability. 
 
 

EXPERIMENTAL 
 
Materials 
 
The permeability measurements, replicated 64 times, were obtained for 6 layers of preformed 
basalt fabric, twill 3/1, from Albarrie Co., Canada. The properties are shown in Table 1. The 6 
layers compressed to 4.661 mm in thickness resulting in a fiber vol. % of 35.8%.  Data from 
the bottom and top plates are analyzed individually, in order to discern any non-uniformities 
in the vertical distribution of fluid. The angle, θ, between the warp direction of the fabric and 
the permeability principle axis is reported.  
 
Three glass fabrics (Syncoglas R420, Syncoglas RE144/255, and CNF crowfoot) (Table 1) 
were also tested to verify the operation of our apparatus and to compare with previous work 
[1, 8, 9a].  
 

Table 1. Properties of fabrics used in permeability measurements  
 

Properties Basalt Fabric Syncoglas R420 Syncoglas 
RE144/255 

CNF 
crowfoot 

Areal Density, g/m2 750 420 380 2900 
Fiber Density, g/cm3 2.7 2.52 2.52 2.52 
Warp Yarn Linear 
Density, tex (g/km) 660 600 310 66.14 

Weft Yarn Linear 
Density, tex (g/km) 330 600 580 33.07 

Weave pattern Twill 3/1 Plain weave 1/1 Twill 2/2 Twill 3/1 
Yarn #/10 cm in warp  59.5 36.0 45 220 
Yarn #/10 cm in weft  78 34.0 40.8 213 

 
The permeability measurements were conducted with diluted corn syrup (DCS), (DI 
H2O:‘Nugget’ brand light corn syrup, 11:3).  The DCS has a viscosity near 0.1 Pa·s at room 
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temperature and is Newtonian in the shear rate ranges used in experimentation. The average 
viscosity of the DCS before and after experimentation was used.  

 
Sensor Design 
 
Electrical sensors made from a piece of copper wire with nylon insulation were fixed into the 
mold plate through a small screw. An O-ring is compressed when the sensor is screwed into 
the plate, sealing the mold and locking the sensor wire into place. The design permits the 
sensor to be slightly recessed below the plate level if desired which allows the permeability 
measurement of electrically conductive fabric. The sensor plate is placed at a low electrical 
potential (e.g. 5V). Thus, when an electrically non-conductive fabric is used in combination 
with a conductive test fluid, the fluid will generate a conductive bridge between the plate and 
the sensor core. This allows the flow front progression to be recorded as a function of time. 
 
The back end of the copper wire is soldered to a ribbon cable leading to data acquisition cards 
in the computer. Two cards (National Instruments PCI-DIO 96), one for each plate, are used.  
There are 96 digital channels on each card, permitting 96 sensors in each plate. In the center 
of the top plate, a sensor is positioned to detect the incoming fluid and to begin the 
experiment clock.   
 
Mold Design 
 
Stainless steel mold plates, 40 cm long, 40 cm wide, and 3.2 cm thick (Figure 1) were 
designed with channels 1.9 cm wide (in the rear of each plate) at angle increments of 22.5°.  
Either 6 or 7 sensors are evenly spaced and inserted into the channels through the mold wall 
to detect fluid flow.  

 

  

Figure 1. Top mold plate with 
 

The bottom plate is the same as the to
center.  A hole of the same size as the
allow uniform fluid penetration throug
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Fluid Injection and Data Acquisition 
 
The unsaturated 2D permeability experiment is conducted at a constant flow rate. The fluid is 
pumped into the mold by a Masterflex I/P pump (model no. 77601-10) through a flow meter 
and a control valve.  A pressure transducer is positioned in the injection tube just below the 
surface of the sensor plate to measure the injection pressure and is connected to the PC. The 
experiment is monitored and controlled through Labview software which provides the 
permeability in a few seconds after the experiment concludes.  The sensor trigger times from 
the top plate and from the bottom plate can be collected and analyzed separately to check for 
flow non-uniformity across the preform thickness.  
  
Data Analysis 
 
Data acquired from permeability experiments was derived in order to determine the flow 
pattern and the in-plane permeability tensor. The flow pattern, obtained from sensor trigger 
times, provides the shape of the advancing elliptical flow front, i.e., the angle of the 
permeability principle axes or the anisotropic ratio of the elliptical flow front. As the flow 
front is represented by an ellipse (Figure 2), the data acquired is used to determine the angle θ 
and the ratio a/b.  

y’

 
 

x
y

a

b
θ

x’

Figure 2. Ellipse representing the fluid flow front, with x’ and y’ as the lab coordinates 
 

Labview data acquisition program establishes the sensor trigger time as the elapsed time from 
when the fluid hits the center sensor on the top plate (time = to) until the fluid triggers each 
sensor (time = t). When the flow front hits any sensor at time t, the distance between that 
sensor and the plate center, d, can be expressed as: 
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Where: 
α = angle between sensor line and lab coordinate axis x’ 
ro = radius of injection hole, 3.188 mm 
c = constant, accounts for uncertainty in the initial conditions at t = 0. 
t = time at which a sensor is triggered 
 
And m1 is a function of flow rate and fabric properties: 
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φπh
Qm =1                                                     (2) 

Where: 
Q = injection flow rate, h  = preform thickness, φ  = porosity 
 
Rearranging eq. 1 provides the sensor time as a function of the fluid flow front shape and the 
experimental parameters: 
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In eq. 3, parameters d and α are known for each sensor. Parameter m1 is known once the 
injection flow is set, and the preform thickness and porosity are chosen. Each sensor trigger 
time t is measured and recorded by the data acquisition system. Thus eq. 3 can be written for 
each sensor, providing an over specified set of equations for the unknowns: a/b, θ, and c. The 
best fit values of , θ and c are found through iteration.  )/( ba
 
After the flow front shape is found, the inlet pressure information is used to find the principal 
components of the permeability tensor. For constant injection rate, the increase of the mold 
inlet pressure over time is closely approximated by [7]:  
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Where:  
Pin = inlet pressure , Krr= geometric mean of Kxx and Kyy, yyxx KK  
 
Eq. 4 differs from previous derivations [7] because the parameter c is included to account for 
non-ideal entrance effects.  
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, from which Krr is 

obtained. As Krr is equal to the geometric mean of Kxx and Kyy  and to (a/b), 

yyxx KKba /)/( = , the individual values of Kxx and Kyy are easily found.  
 

 
RESULTS AND DISCUSSION 

 
Basalt Permeability 
 
The basalt in plane permeability data is shown in Table 2.  The data in each cell is given as 
average ± standard deviation. The unit for permeability is length2, and 1 m2 = 1.01325 × 1012 
Darcy [11]. The angle θ, between the warp direction of the fabric and the permeability 
principle axis (the one with larger permeability values), is defined as clockwise from the 
former to the latter, seen from above.  
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The results derived from the sensors in the bottom and top plates correspond well together 
corresponding to good fluid flow in all basalt layers uniformly. The square root of the 
permeability anisotropic ratio is just slightly larger than 1, which also corresponds well with 
visual observations of the anisotropic ratio of the elliptical flow front. At 35.8% fiber vol. %, 
the alignment of the principle axis for the basalt fabric, Kxx, is quite close to the warp 
direction, as indicated by the small angle θ in Table 2.   
 

Table 2. In-plane permeability results for basalt fabric 
 

 
Anisotropic 

ratio of 
permeability (l2) 

Angle θ, Deg Kxx, Darcy Kyy, Darcy 

Bottom Plate 
Data 

1.374 ± 0.097 -3.47 ± 5.60 857.85 ± 
218.88 

625.71 ± 
174.19 

Top Plate Data 1.389 ± 0.091 -6.34 ± 6.35 858.43 ± 
227.46 

617.98 ± 
166.71 

 
The statistical distribution of the basalt permeability data is shown in Figure 3.The anisotropic 
ratio (‘a’ in Figure 3c) of the basalt fabric has a much smaller standard deviation than 
observed in previous measurements where sufficient data was collected to generate reliable 
statistics. This smaller standard deviation may be related to a high correlation between Kxx 
and Kyy. To determine the correlation between Kxx and Kyy, plots as shown in Figure 5 were 
constructed. Because the permeability principal axis is very close to the warp direction, we 
use Kwarp to represent Kxx and Kweft to represent Kyy.   
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Figure 3. Permeability Distribution   

 
For basalt, a large correlation coefficient, R2, between Kxx and Kyy is shown in Figure 4a and 
compared to Figures 4b and 4c of R420 and RE 144/255 glass fabrics [1]. Glass fabric, RE 
144/255 (Figure 4c), has a much smaller correlation between Kwarp and Kweft, compared to the 
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basalt fabric where as R420 glass fabric (Figure 4b) has negligible correlation. The t-test is 
used for all three fabrics to determine if the correlation between Kwarp and Kweft is significant. 
After the t statistic was calculated, the P-value associated with that t statistic was found from 
the t probability distribution. The P-value provides the confidence level in the (significance) 
correlation coefficient. For example, the P-value of the correlation coefficient of basalt fabric 
is less than 0.001, which means that this correlation coefficient is significant at a greater than 
99.9% confidence level. (More precisely, there is less than 0.1% chance of being wrong by 
rejecting the hypothesis that the correlation coefficient is insignificant). With similar 
reasoning, we find that the correlation coefficient for RE144/255, a 2/2 twill glass fabric, is 
also significant with a greater than 99.9% confidence level. However, the P value for the 
R420 plain weave glass fabric is 0.327. This means that the correlation coefficient between 
Kwarp and Kweft is not significant for the R420 fabric. 
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orrelations in warp and weft directions for different fabrics.  
 

correlation coefficients between these fabrics may be caused by 
uctures. It is known [1] that broad permeability distributions can 
arns in the neighboring layers (or the relative shifts between 
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ts of the permeability tensor. However, nesting appears to have 
ution of the permeability anisotropy, depending upon the fabric 
as the broadest distribution of anisotropy and basalt twill fabric 
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The high correlation between Kwarp and Kweft for basalt fabric is desirable for RTM processing 
because a consistent flow pattern will be obtained.  In the cases where a broad distribution of 
anisotropy is obtained and there is little correlation between Kwarp and Kweft, variable flow 
patterns may occur for different injections, rendering control and part-to-part consistency 
difficult to achieve. 

 
CONCLUSIONS 

 
A new sensor system and data analysis procedure to derive flow pattern was developed for the 
in-plane permeability measurement with expected use for electrically conductive 
reinforcement.  This apparatus can be used to calculate the flow front orientation angle in 
addition to the anisotropy and principal components of the permeability tensor. Measurements 
of the permeability of basalt woven twill showed that our experiments are reproducible and 
consistent with previous work. These measurements reveal that different fabric structures may 
have very different anisotropy distributions even when the distributions of the components of 
the permeability tensor are similar. Fabrics with a high degree of correlation between 
permeability components and a small variability in anisotropy are expected to be easier to 
process. 
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ABSTRACT:  The measurement of fibre reinforcement permeability is important for 
the understanding, optimisation and modelling of RTM and resin infusion processes.  
This work investigates the use of a saturated radial air flow experiment for measuring 
the permeability of continuous filament mat (CFM), which is a common reinforcement 
type used for industrial RTM parts.  The use of air, rather than liquid resin, is cleaner, 
quicker and potentially easier to control.  The paper considers the problems inherent in 
using a compressible fluid, and the requirements for maintaining laminar flow.  It 
describes the instrumentation used for flow and pressure measurement, and the effect of 
varying flow rate.  Results compare favourably with published permeability values 
based on liquid flow experiments, and are independent of flow rate within the range of 
values investigated.   
 
KEYWORDS: Continuous filament mat, air permeability, saturated radial flow, resin 
transfer moulding. 
 
 

INTRODUCTION 
 
Resin Transfer Moulding (RTM) and Light-RTM (L-RTM) are closed mould processes 
used for the manufacture of fibre-reinforced polymer composite components, ranging 
from industrial to aerospace applications.  Continuous filament mat (CFM) glass-fibre 
reinforcement materials are suitable for many industrial RTM parts, due to their lofty, 
in-plane isotropic nature and low cost compared to more organised fabrics.  They are 
relatively preformable, and produce composites with moderate fibre content (typically 
less than about 40% by volume).    
 
There is both industrial and academic interest in the characterisation and understanding 
of the factors affecting CFM permeability (K). This is conventionally defined by 
Darcy’s law [1-3], where the volumetric flow rate (Q) of resin through cross-section A 
depends on the pressure gradient (∇P) and the resin viscosity (µ): 
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PKAQ ∇= .
µ

                                                           (1) 

 
The measurement of permeability is usually carried out by observing either one-
dimensional linear or radial flow [2, 4].  Either a transient/wetting flow or a 
steady/saturated flow may be used, and either the flow rate or the pressure gradient 
must be held constant.  There is a large body of literature on this subject [1, 4-13], 
including some novel approaches to permeability measurement [14-16].   
 
The traditional approach is to use either thermosetting resin or some substitute liquid of 
comparable viscosity.  This is messy, involves high in-mould pressures and is 
‘destructive’, meaning that the technique is not suitable for on-line, in-situ measurement 
in an industrial context.   To combat these problems, investigations involving the flow 
of air and other gases instead of resin have been made [17-23], which range from 
macro-scale permeability testing through to localised measurements using arrays of 
sensors.  These have been used for localised preform defect detection and investigation 
of inertia effects. 
 
The use of air flow is therefore an attractive proposition for permeability measurement, 
and prompted this work to investigate the saturated radial flow of air for the 
permeability characterisation of CFM at various fibre fractions.   
 
 

THEORY 
 
Air Flow Considerations 
 
Various concerns are associated with the use of air as a fluid for permeability 
measurements.  These including matching the creeping or laminar flow seen in RTM 
processing [24] and the density and viscosity effects of using a compressible fluid.  In 
the literature, both flow characteristics and compressibility are discussed in terms of the 
Reynolds number (Re): 
 

µ
ρlu

=Re                                                   (2) 

 
where ρ is density, u is flow velocity and l is a reference length.   
 
The Darcy model is considered to be satisfied at Re < 1 [25], therefore suggesting that 
numbers at these levels reflect laminar flow.  In addition, it is considered that the 
compressibility of gases and inertia effects may be ignored at Re < 0.1 [24, 26].  Here, 
though, care must be taken; due to the impracticalities of measuring localised flow 
velocities and pore diameters the reference length (l) and flow velocity (u) are taken as 
fibre diameter and superficial flow velocity respectively.  Therefore, as flow path 
diameters and localised flow differ considerably between CFM and ordered fibres, 
inconsistencies may exist between the flow regimes.  However, the literature does 
document appropriate Reynolds numbers and the use of specific flow rates of gases in 
order to ensure laminar flow [17, 18, 22-24].  
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As long as compressibility effects are avoided, the viscosity of air depends only on the 
absolute temperature [27]: 
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where µ2 is the viscosity of air at temperature T2, and µ1 and T1 are reference values 
(e.g. µ1 = 1.81 x 10-5 Pa.s at T1 = 293 K) .  C (= 117 K) is Sutherland’s constant.  This 
applies to dry air; reference [27] also provides a correction factor for relative humidity 
(RH), which causes only a 0.25% variation in density over a 60% range in RH, 
therefore indicating that humidity is an negligible factor in viscosity calculations.  
 
 

 
Experimental Design 
 
The experimental design is shown schematically in Fig. 1. Here a volumetric flow 
controller (Omega Engineering) with a zero to 8.33 x 10-5 m3.s-1 range and a certified 
calibrated accuracy of 1% of full scale, controls the volumetric flow of air which then 
passes through the base mould platen and permeates out radially through the 300 mm 
diameter samples.  In order to measure the resultant pressure gradient across the sample 
a Setra differential pressure transducer (Kempston Controls Ltd) was used.  This had a 
zero to 623 Pa range and a certified calibrated accuracy of 0.25% of full scale.  Data 
were captured on a Datataker DT500 data logger with Delogger software, which also  
measured air flow temperature via a K-series thermocouple mounted in the base mould 
platen. 
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Fig.1: Schematic illustration of the experimental design 
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Permeability Calculation 
 
Calculation of permeability from the experimental parameters is shown as Eq. 4, which 
is obtained by integrating Eq. 1.  Note that measured permeability K depends on the 
radius of the central injection hole (r0): 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆

=
0

ln
2 r

r
dP

QK
π

µ                                                   (4) 

 
∆P is the pressure difference between r0 and radial position r, and d is the cavity depth. 
 
 

METHODOLOGY 
 
Unifilo U813-300 was kindly donated by Saint-Gobain Vetrotex for these experiments.  
The nominal reinforcement areal weight is 300 gm-2, with a tolerance of between 225 
and 345 gm-2 [28].   Each 300 mm-diameter sample comprised 6 layers, with 13.6 mm 
diameter injection holes, cut using a hydraulic press and cutting tools.  These were then 
accurately weighed, and a fibre volume fraction (Vf) calculated from measured cavity 
thickness.  
 
The samples were placed between the aluminium mould platens and compressed using 
an Instron Universal testing machine to the approximate depth required for a fibre 
volume fraction of 10%.  The cavity depth was then measured accurately using Vernier 
callipers.    
 
Air flow rate through the samples was controlled initially at 1.67 x 10-5 m3s-1 (1 Lmin-1) 
and differential pressure and airflow temperature recorded every second over a 20 s 
period.  This was then repeated at flow rates of 3.33 x 10-5, 5 x 10-5, 6.67 x 10-5 and 8.33 
x 10-5 m3s-1 (1, 2, 3, 4 and 5 Lmin-1 respectively, as shown on the flow controller).  
 
The whole process was then repeated at progressively smaller cavity depths to a Vf of 
approximately 35%, over 10 samples in total. 
 
This experimental method was then repeated, (over a limited range of flow rates) on 10 
and 14-layer samples.  This was to investigate whether inter-ply pore spaces had any 
influence on measured permeability. 
 
 

RESULTS AND DISCUSSION 
 
Experimental Errors 
 
The effects of random measurement errors on calculated Vf and permeability were 
considered in terms of the combination of worst case inaccuracies. These included E-
glass density of between 2550 and 2620 kgm-3 [28], flow controller accuracy to 1% of 
full scale, pressure transducer accuracy to 0.25% of full scale, vernier calliper’s in-
house calibrated accuracy to 5 x 10-6 m, sample outer radius (r) to 5 x 10-4 m, and 
viscosity to 5 x 10-7 Pa.s. 
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Permeability Results Analysis 
 
Fig. 2 illustrates the experimental results obtained, including an experimental 
uncertainty of 2 standard deviations, for the various flow rates within the flow 
controller’s working range.  This shows that at all but the lowest Vf, where pressure 
differences were very small and therefore least precise, that the variation of results 
between test samples was significantly larger than the results obtained at different flow 
rates.  A ‘significant’ variation is here taken to mean that a value falls outside the ± 2 
standard deviation range.    
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Fig. 2: Permeability vs. fibre volume fraction including 2-standard deviation error bars 
for permeability across flow rates used and random error bars for Vf. 
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Fig. 3:  Measured permeability vs. Vf, including random error bars, compared with 
published liquid permeability data. 

 
Fig. 3 includes the random error bars for both permeability and Vf and compares these 
with published data for measurement of permeability using liquids [8, 15, 29].  In 
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general this plot shows that the results achieved using radial flow of air have a lower 
level of scatter than published data for the liquid techniques.  It should also be noted 
that the published data are for a CFM of higher areal weight (450 gm-2) than used in 
these experiments, which might be expected to return a difference in permeability due 
to variations in fibre architecture.  Therefore close agreement with published liquid 
permeability data for CFM has been shown. 

 
 

CONCLUSION 
 
By comparison with published liquid permeability results for similar reinforcements, 
confidence in permeability measurement using the steady-state radial flow of air has 
been achieved.  Statistical analysis of the results has verified the precision of the 
equipment used to measure experimental parameters.  Varying the flow rate (within the 
range of the flow controller used) did not have a significant effect on measured 
permeability.   
 
Thus the cleaner and more versatile technique using air as a permeating fluid may be 
considered suitable for the permeability measurement of CFM reinforcement.  The 
practical implementation of these results could permit the benchmarking of a given 
reinforcement type against reference material, by direct comparison of pressure 
difference and/or air flow.  The equipment could be easily adapted to measure fibre loft 
(resistance to compression), while simultaneously measuring permeability, thus 
providing important characterisation information to the moulder.  Work is in progress to 
extend the technique to other fibre architectures, and to develop models for permeability 
optimisation. 
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ABSTRACT:  Composites manufacturing using LCM (Liquid Composite Molding) 
involves resin flow and sometimes further compression or unloading of the fiber 
reinforcements. Therefore a proper modeling of such processes requires a model for 
fiber reinforcement in compression. Several mechanical models are available, but none 
of them includes permanent deformation. Moreover saturated permeabilities of fiber 
reinforcements are essential parameters for LCM simulations. A common way of 
measuring such permeabilities relies on liquid injection techniques that induce 
uncertainties and a wide scattering of the results. This paper proposes an experimental 
methodology to measure permanent deformations involved with unidirectional 
compression of fiber reinforcements. Compression tests are further exploited to propose 
a reliable and generic measurement method that provides the in-plane and through-
thickness permeabilities. Characterization results are given for a glass twill-weave 
fabric and a non-crimp fabric. 
 
KEYWORDS: compression, fiber reinforcements, permanent deformation, permea-
bility 
 
 

INTRODUCTION 
 
Structural composite materials are increasingly produced using one of the Liquid 
Composite Molding (LCM) processing techniques. The common feature of such 
processes is that a liquid resin is forced through fiber reinforcements. During infusion 
processes, the fiber reinforcement may unload and eventually, when the injection is 
completed, it may not fully recover [1]. A proper modeling of LCM processes, 
especially estimating the final thicknesses of the manufactured parts requires to have 
models for compression of fiber reinforcements that include permanent deformation. 
Numerous previous studies focused on fiber reinforcement compression modeling [2,3], 
but none of them seemed to include permanent deformations. Modeling LCM 
manufacturing processes also requires to input accurate fiber reinforcement 
permeabilities. Most techniques rely on fluid injection experiments that require an 
injection equipment, a mold and any device able to sense the flow. Other limitations are 
common errors associated with the measurement such as the deflection of the mold or 
edge effects [4]. Another in-plane permeability measurement method is based on the 
compression of saturated fiber reinforcements [5,6]. It limits the equipment required to 
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a material testing machine to continuously measure in-plane permeability with respect 
to fiber volume fraction.  
 
This article deals with an experimental methodology to measure permanent 
deformations during unidirectional compression of dry and impregnated fiber 
reinforcements. That compression setup is further exploited in this paper to propose a 
reliable and generic measurement method that provides the in-plane and through-
thickness permeabilities for a wide range of fiber volume fractions and materials. 
Characterization results are given for a glass twill-weave fabric and a carbon non-crimp 
fabric (NCF). 
 
 

EXPERIMENTAL SETUP 
 

Unidirectional compression tests on fiber reinforcement samples are carried out on a 
material testing machine with force cells of 10 kN and 100kN. For the compression of 
dry fabrics, the sample is simply inserted between two platens (Fig. 1). Force and 
crosshead position (sample height) are recorded during the compression test.  
 

 
Fig. 1 Experimental setup for dry fiber reinforcement compression tests. 

 
In the case of the compression of impregnated fabrics, the setup is modified as shown in 
Fig. 2. The fabric, impregnated with silicone oil, is inserted between the platens. The 
combination of a low viscosity fluid, a low crosshead speed and a perforated 
compression platen allows to limit pressures due to the expelled fluid flow and therefore 
to measure the mechanical response of the impregnated fabric in drained conditions. 
 

 
 

Fig. 2 Experimental setup for impregnated fiber reinforcement compression tests under 
drained conditions. 
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To measure permanent deformations (plasticity), the sample is loaded up to a maximum 
strain , and subsequently unloaded to provide the amount of permanent 
deformation retained in the sample  (Fig. 3). Each cycle gives a point of the plastic 
strain vs. total strain curve. Engineering strain is calculated as 

maxε
pε

( ) oo hhh −=ε  and 
stress as AF=σ  where h is the height of the sample, ho the initial height of the 
sample, F the force applied to the sample and A the area of the sample in contact with 
the compression platens. 
 
 

 
Fig 3 Example of loading-unloading compression test response that allows to extract 
plasticity. 
 
 

Material Glass twill-weave 
fabric 

Carbon NCF 

Areal weight 1500 g/m2 230 g/m2

Number of plies 4 10 

Stacking sequence [0°,90°,90°,0°] [+45°,0°,0°,-45°,90°,90°,  
-45°,0°,0°,+45°] 

Initial sample height 6.8 mm 4.5 mm 
Crosshead speed 0.5 mm/min 0.5 mm/min 

Silicone oil viscosity 
(21°C) 0.1 Pa.s 0.1 Pa.s 

 
Table 1 Experimental conditions and material properties. 

 
 

PERMANENT DEFORMATIONS 
 
For the glass twill-weave fabric considered in this study (Tab. 1), the plastic strain 
develops linearly and represents 60% of the total strain (Fig. 4). Plasticity is influenced 
by the impregnation: lubrication facilitates yarn and fiber imbrications. However, for 
the carbon NCF (Fig. 5), the presence of fluid does seem to influence permanent 
deformations developing in the fabric. That difference of behavior may be due to the 
difference of textile architecture between the two materials. For twill-weave fabric 
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permanent deformations are governed by nesting (yarn/yarn interactions) and fiber/fiber 
interactions whereas for NCF only fiber/fiber interactions are present.  
 

 
 
Fig. 4 Permanent deformations of the glass twill-weave in dry and impregnated states. 

 
 

 
 

Fig. 5 Permanent deformations of the carbon NCF in dry and impregnated states. 
 

 
PERMEABILITY MEASUREMENTS 

 
So far, for permanent deformation measurement, the aim of the compression tests has 
been to limit the fluid pressure. From now on, in order to measure permeabilities, the 
purpose of the measurement method [8] is to generate fluid flow and fluid pressure 
within the sample using proper compression speeds and fluid viscosities. For in-plane 
permeability measurement, in-plane flow is generated using the setup depicted in Fig. 1 
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with an impregnated sample and a receptacle. For through-thickness permeability 
measurement, the generation of a purely transverse flow using a compression test is 
difficult to achieve. However, using the setup shown in Fig. 2, fabric compression 
forces the fluid out, in the three directions of the sample. Those two types of 
compression tests induce fluid pressure and fiber effective stress response. In order to 
extract the fluid pressure out of those experiments, the fiber effective stress has to be 
measured and subtracted to the previous experiments.  
 
The effective stress response is measured combining a test with the setup in Fig. 2, a 
low compression speed, and a low fluid viscosity in order to zero the fluid pressure. 
That experiment called the reference compression is performed with a fluid viscosity of 
0.1 Pa.s and a compression speed of 0.5 mm/min.  
 
In-plane permeabilities  
Once the experimental fluid pressure is measured, one can solve for the conservation of 
mass and Darcy's law in the sample. If the fiber reinforcement is transversely isotropic 
(Kx=Ky), an analytical solution exists (Tab. 2). But in most cases when the fiber 
reinforcement is anisotropic, an inverse method algorithm adjusts the permeability of 
the simulation results to match the simulated liquid pressure to the experimental liquid 
pressure. The anisotropy ratio is needed to calculate the two in-plane principal 
permeabilities. Results for the in-plane permeability, calculated for the glass and carbon 
fabrics, are in excellent agreement with the ones measured with the unidirectional or 
central injection methods (Figs. 8 and 9). 
 
 

 Transverse isotropic fiber 
reinforcement Anisotropic fiber reinforcement 

 
In-plane 
permeability 
( ) yx KK =

Through-thickness 
permeability  zK

In-plane 
permeabilities 
( yx KK ≠ ) 

Through-thickness 
permeability  zK

Analytic     
FDM  
(2D cylindrical)     

FEM     
 
Table 2 Methods to extract permeabilities depending on the material anisotropy. 
 
Through-thickness permeability  
Once the in-plane permeabilities are known, the compression tests inducing through-
thickness flow (Fig. 2) can be analyzed using an inverse method as detailed above. 
Results for glass twill-weave and carbon NCF are given in Figs. 6 and 7. No 
comparison with experimental data using injection techniques is given since such 
measurements are very difficult to realize. However, the orders of magnitude obtained 
are in a proper range for through-thickness permeability. 
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Fig. 6 In-plane and through-thickness permeabilities of the glass twill-weave fabric 
extracted from the compression tests. The black circles ( ) are in-plane permeabilities 
obtained using the unidirectional injection method. 

 
 

 
 
Fig. 7 In-plane and through-thickness permeabilities of the carbon NCF extracted from 
the compression tests. The black circles ( ) are in-plane permeabilities obtained using 
the central injection method. 
 
 

CONCLUSION 
 
The results obtained for plasticity characterization show the importance of permanent 
deformations during unidirectional compression of the glass twill-weave fabric and 
carbon NCF studied. Also a methodology for fiber reinforcement permeability 
measurement using a compression test setup has been described. That method offers the 
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main advantage of being continuous over a wide range of fiber volume fractions. 
Moreover, once the anisotropy ratio is known, the method allows the determination of 
the in-plane and through-thickness permeabilities. That method also eliminates lots of 
drawbacks present in the injection methods such as edge effects or mold deflection. 
This methodology can also be applied to fabrics that have been sheared prior to 
compression. 
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ABSTRACT 
 
During the last years, the numerical simulation of Liquid Composites Molding (LCM) turned out 
to be a useful tool to assist in process design and optimization. To appropriately simulate LCM 
manufacturing, accurate material characterizations must be carried out. In a more competitive 
industrial environment, fast and reliable characterization techniques are required to implement 
effective numerical simulations. Resin cure kinetics modeling software called PolyKinetic has 
been developed to assist in material characterization and process simulation. In this work, recent 
advances on resin cure kinetics modeling are presented and compared. Different kinetic models 
for an epoxy resin are discussed. Modeling of the percentage of catalyst is also included, together 
with rheological analyses and a model of gel time to estimate the allowable injection time from 
calorimetric data. PolyKinetic software turns out to be a very useful tool to characterize the cure 
kinetics of thermosetting resins in a fast and reliable way. PolyKinetic is a freeware package 
available to all the scientific and industrial community through the Chaire sur les Composites à 
Haute Performance (CCHP) of École Polytechnique de Montréal. 

 
INTRODUCTION 

 
Polymer composite materials have been increasingly used in several industrial applications for 
the last few years. As the composite industry grows, thick parts and pieces of complex shape 
have become more common. Thermoset composites have also gained much interest in the 
automotive industry and many applications have successfully demonstrated their effectiveness. 
High specific mechanical properties, corrosion resistance and low fatigue effects are main factors 
for the selection of such materials over traditional metallic solutions. Liquid Composite Molding 
(LCM) and other manufacturing techniques such as Sheet Molding Compound (SMC), Resin 
Transfer Molding (RTM) or Compression RTM have gained attention due to their capability to 
produce composite parts in medium to large production volumes. Resin cure kinetics and the 
evolution of viscosity play a key role to ensure proper fiber impregnation and reduce cycle time. 
From the thermal point of view, the molding cycle is closely related to the chemical and 
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rheological behavior of the resin. Therefore, to optimize the molding cycle in LCM 
manufacturing, the chemical and rheological behaviors of thermosetting polymers must be well 
known. Based on the material behavior during resin cure, a computational analysis of the process 
cycle can be carried out. Process simulation allows a proper selection of processing parameters 
such as the injection pressure and the mold and resin temperatures [1, 2]. In a more competitive 
industrial environment, fast and reliable characterization techniques are required to implement 
numerical simulations for engineering design and process planning. 
 
In this work, recent advances on resin cure kinetics modeling are presented and compared. 
Different kinetic models for an epoxy resin are discussed. Modeling of the percentage of catalyst 
is also included, together with rheological analyses and a model of resin gel time to estimate the 
allowable injection time from calorimetric data. Resin cure kinetics modeling software called 
PolyKinetic has been developed to assist in material characterization for process simulation and 
optimization. 
 
 

MODELING OF RESIN CURE KINETICS 
 
Modulated Differential Scanning Calorimetry (M-DSC) is a well known technique to measure the 
curing reaction of thermosetting resins. Assuming that the non-reversible heat flow measured is 
entirely related to the exothermic reaction of the polymer, M-DSC data can be used to determine 
the reaction rate dα/dt and the degree of conversion α  in the following form: 

TH
dt
d

dt
dHH ⋅==

α&      (1) 

∫ ⋅=
t
o

dt
dt
dαα       (2) 

 
where H& is the instantaneous heat generated by the cross-linking polymerization of the resin, and 
HT is the total heat of reaction during cure. A large number of studies have been conducted on the 
cure kinetics of thermosetting polymers, and various kinetic models have been proposed in the 
literature [3-6]. Generally, researchers have studied the connection of the chemical reaction with 
the other independent variables, such as time and temperature. In general, kinetic models can be 
of phenomenological or mechanistic origin. A phenomenological model captures the main 
features of reaction kinetics, but ignores the details of how individual species react with one 
another. On the other hand, mechanistic models are obtained from the balance of chemical 
species involved in the reaction. Hence, they provide better prediction and interpretation. 
However, because thermosetting reactions are rather complex, mechanistic models usually 
require more kinetic parameters than phenomenological models. Therefore phenomenological 
models are more popular for thermosetting polymers. Although several simultaneous reactions 
occur during the curing process, simple models have been developed based on the assumption 
that only one chemical reaction can represent the whole cure process. Kamal and Sourour [3] 
have shown that the following model describes adequately the cure kinetics of epoxy resins: 
 

( ) ( )nmKK
dt
d ααα

−⋅⋅+= 121     (3) 

( )TEkK /exp 2,12,12,1 −=      
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where K1 and K2 are rate constants with an Arrhenius type of dependence with temperature, and m 
and n are catalytic constants. Ruiz and Trochu [4] have also proposed a kinetic model based on 
Bailleul’s model [5] considering the effects of glass transition temperature on the reaction rate. In 
this approach, the rate of conversion dα/dt is defined by the following set of equations: 
 

( ) ( ) ( ) ( )dIKTKKTK
dt
d

4321 , ⋅⋅⋅= ααα   (4a) 

( )[ ]1/exp.)(1 −⋅−= TTAkTK refref     (4b) 

∑
=

⋅=
s

i

i
iaK

0
2 )( αα      (4c) 

( ) ( )nTK ααα −= max3 , ; ( )Tfn =   (4d) 
 
Recently, Riccardi et al. [6] have proposed a novel kinetic model to describe the cure of epoxy resins 
following a chemical mechanism. The following kinetic equations result from the proposed model: 
 

( )

( )

1 1 2

3 01

d k k k
dt
d k i
dt

β β

α α β

= − +

= −
     (5) 

 
where  is the initial concentration of initiator, and oi β  the ratio between the initiator concentration 
in the active and inactive forms. Parameters  and  are Arrhenius functions of temperature. 
When the curing temperature reaches the glass transition temperature of the resin, a strong increase 
of the resin viscosity is observed. The reaction rate is not controlled anymore by the speed of the 
chemical reaction, but more by the speed of the diffusion of the reactants [7]. The mobility of the 
reactants is then restricted and limited by the reduction of the free volume. To consider the diffusion 
effect, Poehlein and al. [7] introduced a diffusion factor f(α) to correct the kinetic model predictions: 

1k 2k

 

)(αf
dt
da

dt
da corrected

⋅=⎟
⎠
⎞

⎜
⎝
⎛ ; 

( )
1( )

1 exp c

f
C

α
α α

=
+ −⎡ ⎤⎣ ⎦

    (6) 

 
where C is a constant, and cα  the critical conversion. For cα α<< , f(α) is equal to unity and the 
effect of diffusion is negligible. The selection of a proper catalyst percentage is a key factor here, 
because it allows reducing cycle time and thus increases productivity. Han and al. [8] proposed a 
standard kinetic model to consider the effect of the concentration of catalyst on the cure reaction. 
According to this model, the rate of conversion of the resin is directly proportional to the 
concentration of catalyst. Consequently, the Kamal-Sourour model of equation 3 can be 
expressed in the following way: 
 

[ ]( ) ( )1 2 . 1 nmd B k k
dt
α α α′ ′= + −            (7) 
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    with 
[ ]

1
1

k
k

B
′=  and 

[ ]
2

2
k

k
B

′=       

where [ ]B  is the concentration of catalyst, and 1k ′  and 2k ′  are normalized Arrhenius functions. 
 
PolyKinetic is a freeware initially developed at the Chaire sur les Composites à Hautes 
Performance (CCHP) of École Polytechnique de Montréal. This software allows the modeling of 
resin cure kinetics from experimental results of differential scanning calorimetry. As illustrated in 
Fig. 1, the software is composed of three main modules: (1) processing of DSC data; (2) 
modeling of cure kinetics; and (3) prediction of resin cure under various experimental conditions. 
All the above kinetic models were included in PolyKinetic to provide an easy and robust solution 
and compare their respective performance to predict resin cure. PolyKinetic uses a least-square 
Levenberg-Marquardt non linear regression algorithm to calculate the unknown parameters of the 
kinetic models. 
 
 

EXPERIMENTAL CURE ANALYSES 
 
M-DSC data of an epoxy anhydride-based resin were collected for various heating rates (from 1 
to 5°C/min) and different percentages of catalyst (from 1 to 2,5 parts per weight). These 
experimental data were entered into PolyKinetic and used to construct various kinetic models. 
Initially, a Kamal-Sourour model was created to fit DSC data. As can be seen in Fig. 2, reaction 
rates and degrees of conversions are well described by this phenomenological model with a 
minimum error at the end of the chemical reaction. Similar results were also obtained with Ruiz 
model with a slight improvement at the end of cure. The mechanistic model of Riccardi was then 
calculated to fit experimental data. As shown in Fig. 3 (a), an appropriate prediction of the degree 
of conversion is obtained with this approach, although an important error is observed at the end 
of the chemical reaction. To improve the predictions at the end of cure, the model of Riccardi was 
combined with the diffusion control equation (6) as depicted in Fig. 3 (b). Even if the use of a 
diffusion control equation improves the model predictions at the end of cure, it seems that the 
mechanistic model is not as well suited as Kamal-Sourour one to fit these experimental data.  
 
The interest of having an accurate kinetic model lies in its capability to predict higher degrees of 
conversion for a given temperature cycle. To compare the predictions of different kinetics model, 
a new technique called IsoConversion Map [9] was proposed. This technique is based on the 
isoconversion methodology [10] that permits to compare dynamic and isothermal DSC data. As 
shown in Fig. 4, the IsoConversion Map consists of two sets of curves, one for constant heating 
rates and one for constant temperatures. To estimate the degree of conversion for a given 
temperature cycle consisting of heating rates and isothermal cures, the two set of curves are 
sequentially used (see example in Fig. 4). In this way, the resulting evolution of the degree of 
conversion is extracted directly from DSC data (i.e., without kinetic modeling). In this work, the 
IsoConversion Map methodology was applied to evaluate the experimental DSC data for a 
temperature cycle consisting of two heating rates followed by two isothermal cures at 80°C and 
150°C respectively. Fig. 5 depicts a comparison of experimental cures obtained through the 
IsoConversion Map with Kamal-Sourour and Riccardi mechanistic models. It can be clearly 
observed that the prediction of Kamal-Sourour model is far from the experimental data, while the 
mechanistic model gives an accurate prediction. This shows that Riccardi’s mechanistic model is 
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more appropriate to calculate the degree of conversion than other more standard 
phenomenological models. 
 
 

RHEOLOGICAL STUDIES 
 
To optimize the molding cycle in LCM manufacturing, the evolution of resin viscosity during the 
injection stage must be known with accuracy. Characterization and modeling of the viscosity of a 
non-reactive resin as a function of temperature follows a well known and relatively simple 
experimental procedure. In the case of reactive resins, rheological analyses are complex and less 
accurate. In this work, isothermal rheological analyses were carried out to characterize the 
complex viscosity evolution of an epoxy resin for various percentages of catalysts. The 
determination of the gelation point for thermoset resins is critical to evaluate the rate of 
polymerization and it is a key factor in process cycle optimization. The gel point is usually 
defined as the time at which the storage modulus exceeds the loss modulus (i.e., tan δ = 1), but 
this point corresponds to a high resin viscosity. In LCM process analysis, a processing gel time 
may be defined as the point at which the resin viscosity curve has a slope of 10% (see Fig. 6 (a)). 
This criterion results in a viscosity increment between 2 to 5 times from the initial value. At this 
point the resin will not flow under normal injection pressures. Fig. 6 (b) shows the extracted gel 
times from rheological data while applying the 10% slope criterion. The gel time can also be 
estimated from DSC data if a given degree of conversion is related to the resin gelation point. In 
this work, for the epoxy resin tested, a degree of conversion of 20% was considered at the gel 
point. For each dynamic DSC curve, the time at which the resin reaches 20% of conversion has 
been extracted and plotted in Fig. 7. As observed in the kinetic models presented before, at the 
beginning of the reaction the resin cure kinetics follows an Arrhenius type of temperature 
dependence. Therefore, the gel time can be evaluated by a time integral Arrhenius function as 
follows: 

( )( )∫ ⋅−⋅−−=
t

refref dtTTBttTtimeGel
 

0 
1/exp),(     (8) 

( )CatPhr-exp ⋅⋅= DCtref       (9) 
 
where is a reference temperature, B, C and D are constants and a reference time function 
of the percentage of catalyst CatPhr in the resin formulation. The parameters of the proposed gel 
time model were obtained from the experimental values extracted from dynamic DSC data (see 
Fig. 7). The gel time model fitted to dynamic DSC data was then used to predict the gel times 
during isothermal cures. The predictions of the proposed model were then compared to the 
experimental gel times extracted from rheological tests. As shown in Fig. 8, a good agreement is 
observed between the experimental rheological data and the model predictions. Therefore one 
may conclude that the proposed model is appropriate to predict processing gel times. 

refT reft

 
 

CONCLUDING REMARKS 
 
In order to understand the impact of epoxy cure kinetics modeled by a mechanistic approach, a 
comparative study was conducted between the phenomenological and mechanistic models. 
Through the use of the IsoConversion Map technique, it has been observed that a mechanistic 
model is more accurate than phenomenological ones. A gel time model is also proposed to 
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calculate the allowable injection time directly from dynamic DSC data. The results of this model 
were compared to rheological data, and a good agreement could be observed between the two. 
All the above kinetic models were included in PolyKinetic freeware for easy and robust 
identification of resin kinetic parameters. 
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Figure 1. Schematic representation of PolyKinetic software modules 

(a) 

(b) 

Figure 2. Evolution of reaction rates (a) and degrees of cure (b) and predictions of the fitted Kamal-
Sourour model (kinetic model 4) for various heating rates 
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Difference 

(a) 

Improvement with 
diffusion control

(b) 

Figure 3. Degrees of cure versus time for different heating rates: a) comparison of experimental data with 
Riccardi’s model predictions (kinetic model 2); b) improvement of Riccardi’s model with diffusion control.
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Figure 4. IsoConversion Map used to predict the degree of conversion. 
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Figure 6. Rheological data for isothermal cures: a) viscosity evolution during cure; b) gel times for 
various isothermal temperatures and different percentages of catalyst. 
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DSC data

Figure 7. Gel times calculated for 20% of conversion from dynamic DSC data and predictions of the 
proposed gel time model. 

Rheology data

Figure 8. Comparison of experimental gel times from rheological data with predictions of the proposed 
gel time model for various percentages of catalyst. 
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ABSTRACT: This paper focuses on laminate thickness measurement during the Resin 
Infusion process. It is part of a larger project to establish a comprehensive data acquisition 
system for characterisation of this complex process. The acquisition of detailed thickness data 
is motivated by the need to develop an accurate simulation tool for Resin Infusion. After 
presenting several compaction studies on a typical glass fibre fabric, the paper will quickly 
review the current techniques used to monitor laminate thickness evolution, highlighting the 
disadvantages of single point measurement methods. Stereophotography offers the possibility 
of full field measurement of laminate thickness, a brief introduction to the theory being 
presented here. Initial results show the potential of the technique, though an improvement is 
required in the image reconstruction algorithm to obtain the thickness resolution required. 
 
KEYWORDS: VARI, Thickness measurement, Stereophotography, Compaction. 

 
 

INTRODUCTION 
 
The Resin Infusion process (a.k.a. VARI, VARTM, SCRIMP, RIFT) has developed as a low 
cost method for manufacturing large composite parts. It has been used mainly to produce 
structural parts for the marine, civil, and military sectors [1, 2]. It has also been shown that 
aircraft quality composite structures can be produced [3, 4]. However, the process still 
presents some challenges to industry with regards reliability and repeatibility. Due to the 
complex nature of the Resin Infusion process, trial and error development is expensive and 
inefficient. Therefore a comprehensive simulation model of the VARTM process is required. 
 
Resin Infusion is a closed mould Liquid Composite Moulding (LCM) process that presents 
some similarities to Resin Transfer Moulding (RTM). The current analysis schemes adopted 
for RTM flow simulations assume resin flow through the preform behaves as flow through a 

d by Darcy’s law: 
 

porous medium. The modelling of porous flow is governe

 (1) 
 

where 

[ ] PKv ∇−=
µ
1

v  is the fluid averaged velocity vector, µ is the fluid viscosity, Κ the permeab

he thickness of the 
laminate being dependent on local resin pressure. During processing both the transfer of the 

ility 
tensor for the preform, and ∇P is the local pressure gradient in the resin.   
For Resin Infusion, two-part rigid moulds are replaced by single side rigid moulds sealed with 
a vacuum bag. Bag flexibility induces a new aspect absent in RTM: t
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matrix and the compaction of the reinforcement are achieved using one atmosphere of 
pressure. Compaction stress supported by the reinforcement is therefore a balance between 
atmospheric pressure and the resin pressure: 

 
(2) 

 
Due to the variation of resin pressure in the lam

PPATMf −=σ

inate during mould filling and post-filling, 
laminate thickness varies during both the m illing and post filling stages. It is theref
important to be able to accurately monitor these thickness changes, which may significantly

mpted the development of a system 
apable of simultaneously capturing the thickness field of an entire laminate. Previous work 

REINFORCEMENT COMPACTION  

onsider evolution of reinforcement fibre volume fraction (Vf) during different phases of a 
typical Resin Infusion pro inforcement before resin 

jection. The reinforcement supports all of the externally applied pressure (σ  = P ) and a 

. Process parameters 
uch as compaction speed also play a role. Compaction speed, number of layers, and resin 

 
he reinforcement used in this study is an 821g/m² biaxial stitched glass fabric (balanced 0-

 were cut to a diameter of 200 mm.  The compaction experiments were 
performed using a two piece aluminium mould mounted in an Instron 1186 testing machine. 

ore 
 

ould f

affect reinforcement permeability and thus resin flow.  
 
Previous studies by the authors have employed laser gauges to provide point measurements of 
laminate thickness [5]. Inconsistent results have pro
c
by Anderson et al. concerned the development of a stereophotographic system to measure 
thickness using specialised CCD cameras [6]. This paper introduces the development of a 
stereophotographic system using general use cameras and alternative algorithms to reduce 
setup costs. Efforts will also be made to improve thickness resolution and increase the field of 
measurement. 
 
 

 
C

cess. Vacuum is applied initially to the re
in f ATM
dry maximum Vf is reached. During resin infiltration, two deformation mechanisms occur in 
the wetted portion of the laminate. As the flow front passes a particular point a local increase 
in Vf occurs, due to the lubricating effect of the fluid causing a rearrangement of fibres in the 
reinforcement. The resin pressure locally is low (P≈0) and the compaction pressure high (σf 
≈PATM), thus Vf increases. As the flow front progresses past this point resin pressure 
increases, the compaction stress applied to the reinforcement decreases, and a decreases in Vf 
occurs. Finally, once the mould is filled and resin flow to the inlet is stopped, resin pressure 
throughout the laminate slowly decreases, and a higher Vf is recovered. 
 
The compaction response of a laminate depends on a number of material parameters including 
fibre material, reinforcement architecture, and number of fabric layers
s
presence are explored experimentally below. 
 
Experimental Setup 

T
90°). Circular samples

The Instron was used in load control mode, allowing specific compaction stresses to be 
applied to the samples. The major advantage of the testing machine is high accuracy in the 
measurement of the displacement and load. However, care must be taken in the setup of the 
mould, as small errors in cavity thickness lead to significant Vf discrepancies. Significant care 
was taken to ensure that the mould platens were well aligned, and that zero cavity thickness 
was well established. 
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Influence of Loading Rate 
 
The first set of compaction experiments were performed to determine the influence of the 

city, a test fluid was not introduced to simulate the presence of 
sin. Samples composed of 6 fabric layers were progressively loaded to a compaction stress 

applied load rate. For simpli
re
of 1.0 bar at a constant loading rate. Load was held constant at this level for 5 minutes 
allowing creep to take place. The load was then removed at the same rate until an equivalent 
stress of 0.2 bar was achieved, and another period of constant force was applied. A set of five 
tests were performed at each of the load rates 0.2, 0.4 and 0.6 kN/min. These speeds were 
chosen as they roughly approximate the loading rates applied during initial application of 
vacuum to a dry laminate.  
 

Table 1: Influence of the loading rate on the resulting Vf. 
Compaction speed 0.2kN/min 0.4kN/min 0.6kN/min 
Mean maximum Vf 53,20% 52,99% 52,83% 
Mean Vf after 50,04% unloading 51,67% 50,56% 
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Figure 1: Comparison of the compaction behaviour at various loading rate. 

 
The fibre volume fractions achieved after initial application of vacuum and after unloading to 
0.2 bar are pres crease tly 

ith increasing loading rate, the samples showed increasing rigidity. Figure 1 presents Vf 

 has been widely documented that the number of layers of reinforcing fabric significantly 
of a laminate [7, 8]. The strength of this effect depends 

n the architecture of the reinforcement. To study the strength of this effect for the biaxial 

ented in Table 1 (averaged across five tests). Vf is seen to de  sligh
w
versus compaction stress traces for three typical experiments. These traces have been 
normalised against the maximum Vf achieved, to highlight any significant differences 
between the shapes of the curves. Considering the similarities between these curves, and the 
Vf data presented in Table 1, loading rate is assumed to have negligible effect for the 
remainder of this study. Therefore, the remainder of the tests were performed at a loading rate 
of 0.6 kN/min. 
 
Influence of the Number of Layers 
 
It
influences the compaction behaviour 
o
fabric, compaction samples composed of 3, 6, 9, 12 and 15 layers have been tested. The same 
compaction strategy was applied as above. Table 2 presents the Vf values achieved at various 
stages, in each case being an average of five tests. The Vf values diminish with increasing 
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numbers of layers, but do not approach a limit. Figure 2 presents Vf versus compaction stress 
traces for five typical experiments, with the data being normalised against the maximum Vf. 
This figure demonstrates a high degree of similarity between four of the curves, the overall 
behaviour being very similar for samples composed of at least 6 layers. Samples of 6 layers 
were used for the remaining compaction studies. 
 

Table 2: Influence of the number of layers on the Vf. 
Number of layers 3 6 9 12 15 
Mean Vf after first compaction 52,5% 50,2% 49.7% 49.4% 49,3% 
Mean Vf after unloa 47.3% 47,1% ding 50,2% 48,0% 47.6% 
Vf after second compaction 52  50  50 49,9% ,9% ,8% .3% 50.1% 
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Figure 2: Compaction curves related to the maximum volume fraction for different number of layer. 

 
Wet Compaction Response 
 

ompaction experiments were completed to demonstrate the influence of the presence of a 
of this study was the application of different pressures at vents 

uring filling and post-filling, following on from previous studies exploring the possibility for 

mpletion of the process, essentially the Vf of the 
nished product. This data presents a small potential for controlling the Vf of the resulting 

C
viscous fluid. Another focus 
d
Vf control [5]. Samples of 6 layers were subject to a similar compaction strategy as described 
above, using a loading rate of 0.6 kN/min. For these experiments, fluid was injected slowly 
into the reinforcement following the initial period of holding at 1.0 bar. This pressure was 
maintained constant, allowing any further relaxation to occur due to the presence of the fluid. 
The reminder of the test was carried out as described above. This compaction cycle was 
modified to simulate the use of different pressures during processing. Pressure at the vents 
during filling and post-filling were set at values of 0.01, 0.3, and 0.5 bar. The various 
strategies applied are detailed in Table 3.  
 
Table 3 presents Vf’s achieved at three instances in the compaction cycle. The final column in 
this table presents the Vf achieved at co
fi
composite (48.2 to 51.8%), which appears to depend only on the pressure applied during post-
filling. These results do not reflect the larger degree of Vf control demonstrated in a previous 
study of the actual resin infusion process [5], in which a Vf range between 47.1 and 59.1% 
were achieved for the same biaxial fabric. In that study it was shown that pressure levels set 
during both filling and post-filling significantly influenced the final Vf of the laminate. 
Method A (according to Table 3) gave the largest Vf of 59.1%, and method E the lowest value 
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of 47.1%. It should be noted that Vf data for this Resin Infusion study was determined by 
measuring mass fraction of the resulting laminates. This method does not account for any 
residual void content. However, visual inspection of the laminates leads the authors to believe 
that void content is not the sole reason for discrepancies between the compaction studies 
described here, and the previous Resin Infusion tests. Such discrepancies can be best explored 
by full field cavity thickness measurements. This issue has provided motivation for the 
stereophotography equipment described below. 
 

Table 3: Result of the wet compaction tests. 
Vacuum 
pressure 

during mo Vf after 
second 

compaction 

uld Method V
filling / 

postfilling 
(mbar) 

f after first 
compaction

Vf after 
unloading 

500/10 A 47,68% 46,60% 51,50% 
300/10 B 49,10% 47,42% 51,66% 
 10/10 C 50,54% 48,05% 51,82% 

500/300 D 47,29% 46,27% 49,32% 
300/500 E 48,83% 47,16% 48,83% 
300/300 F 48,70% 47,17% 49,65% 
500/500 G 47,66% 45,95% 48,20% 
10/300 H 50,93% 48,44% 50,83% 
10/500 M 51,14% 48,61% 50,11% 

 
 
 

THICKNESS VARIATION MEASUREMENT DURING RESIN INFUSION 

aser Gauges 
 

ariations of laminate thickness during Resin Infusion are very influential, mould filling 
tions in Vf, and hence reinforcement permeability. Thickness 

ariations have been measured in the past using LVDTs. These sensors rely on contact, and 

 
L

V
times being affected by the varia
v
for that reason apply a limited but measurable stress to the laminate [9]. Laser gauges have 
also been used as a non-contact option [5], but along with LVDTs, they provide 
measurements only at a single point. Another drawback of laser gauges is the very small 
sampling area; the thickness data may have significant variation depending on the place of the 
measurement, whether made at the centre of a fibre tow, or between two tows. Figure 3 
presents sample laminate thickness data from four Resin Infusion tests, performed without 
distribution media. In each case 12 layers of the biaxial fabric were employed, being infused 
with mineral oil, under identical conditions. In all four tests an initial drop in laminate 
thickness is observed as the resin front passes the measurement position. Beyond this time the 
four traces exhibit quite different, and puzzling behaviour. Our ability to interpret this data is 
severely limited as measurement is completed at a single point, providing further motivation 
for development of full field measurements.  
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Figure 3: Comparison of the laser transducer reading on four similar experiments. 

 
Stereophotography 
 
Theory 
 
Direct distance measurement techniques, e.g. 
laser range-finders and SONAR, scan a single 
probe beam through a scene and measure time-
of-flight or phase differences from which 
distances are trivially derived. These techniques 
are relatively slow, being dependent on 
mechanical scanning systems, and thus not well 
suited to the acquisition of dense 3D maps of 
fast processes. 

Figure 4: Stereo camera arrangement:  
OL|R - optical centres of left—right cameras; 
P - fixation point (intersection of camera optical
axes);  
S(X,Y) - scene point;  
xL|R -x-coordinate of projection of S onto camera
image planes;  
φL|R - angles between optical axes and baseline;  
b - camera separation 

 
Stereophotography is based on triangulation - 
two cameras at different positions establish two 
lines to each binocularly visible point in the 
scene. This results in dense 3D environment 
maps at speeds determined by the rate at which 
images can be transferred from the cameras to a 
computer and processed. Figure 4 shows the 
arrangement used in our system. Note that we 
use a verging axis system to obtain better 
accuracy from our cameras - by maximising the 
number of binocularly visible points and using 
most of the image planes of each camera[10]. 
 
In Figure 4, two cameras are positioned with their optical centres separated by a distance, b, 
along the baseline and aligned at angles, φL and φR to the baseline. The optical axes intersect 
at the fixation point, P. A typical scene point, S(X,Y,Z), appears at xL in the left camera image 
and xR in the right camera image. The difference, d=xL – xR is known as the disparity. If world 
coordinates are referenced to an origin, OW (mid-point of the baseline joining the camera 
optical centres) and axes X, Y and Z, as shown in Figure 4, then the coordinates of a scene 
point are: 
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where f is the focal length. Thus, given a correct match between the points on the image 
planes (xL, yL) and (xR, yR) corresponding to a scene point (X, Y, Z), the coordinates of the 
scene point can be discovered. In practice, determining a correct match automatically is a 
non-trivial problem. Fortunately, in this particular application, one major source of matching 
difficulties – occlusions or points visible in one camera only - will be absent: the smooth, 
continuous single surface of the mould enables smoothness and continuity constraints to be 
added to the matching algorithm. We have painted the surface of the mould with a fine, 
random pattern of coloured spots to provide sufficient texture to reduce the probability of 
false matches due to sensor noise, variations in reflectance with angle, etc. Furthermore, a 
small window of pixels (typically 9*9) was used as the basis for matching to reduce the 
effects of noise (We use the term ‘noise’ here to include all sources of intensity 
mismatch[10]). 
 
Setup 
 
Two Canon EOS 20D digital SLR Camera with resolution of 8.2 Mega-pixels are used for 
image acquisition. These cameras are mounted on a series of precision rotation stages, and a 
goniometer to allow for very precise alignment. The cameras are connected to two 
synchronized computers that control the cameras and store the images. The cameras must be 
aligned to converge exactly on the same point, ensuring they capture same plan area. 
Calibration is carried out using a precise grid, allowing for any inherent distortion of the 
camera lenses, and allowing the determination of the orientation and baseline between the 
cameras. Determination of the orientation and baseline are necessary for the triangulation 
process used to determine 3D shape of the subject. 
 
To facilitate stereo-matching of the two images during the Resin Infusion processing, a 
random pattern is painted on the vacuum bag. This pattern must present very fine random 
features at a high frequency as the matching window is a square of 13*13 pixels. After several 
trials, the selected pattern is painted with spray-cans of cyan, magenta, and yellow, applying a 
random arrangement of very small paint droplets. It is also very important to provide good 
lightning to the subject, and to prevent any reflections on the surface. Reflections are usually 
affect each camera differently, causing major problems during image matching.  
 
The stereophotography rig is mounted over a temperature controlled Resin Infusion table. 
Fluid pressures inside the laminate are measured at three locations using pressure transducers 
mounted on the underside of the table. Fluid flow rate into the laminate is monitored by 
continuously weighing the resin pot using a mass balance attached to the data acquisition 
computer. 
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Figure 5: Details of the stereophotography rig. 

 
Results 
 
Several reconstructed 3D images are presented in Figure 6. A snail model has been used 
previously to prove the technique, however, the depth variations in this object are much 
greater than those expected in a laminate during Resin Infusion. This model is 22 cm long and 
12 cm wide, and includes small variations in texture having depth of 0.5 mm. A 3D 
reconstruction from a Resin Infusion experiment is also presented in Figure 6. The laminate 
was constructed of 10 layers of a 450 g/m² Continuous Filament Mat (CFM) fabric, 50 cm 
long and 27 cm wide. CFM was chosen for it’s large thickness, and large thickness changes 
during processing. The 3D reproduction of the laminate thickness is covered with the actual 
texture captured by the cameras, providing a visually pleasing result. However, while the 
image appears to show a reasonable thickness variation behind the flow front, it has become 
clear during processing of the data that the current stereo-matching algorithm is incapable of 
resolving laminate thickness to the required accuracy. A resolution on the order of 0.03 mm is 
the goal of this work, but currently we are only able to achieve approximately 0.5 mm. 
Alternative matching algorithms have been sourced, and will be implemented in the near 
future. 

 
: Position of the flow front 

Figure 6: 3D images reconstructed using the Stereophotography technique. 
 

CONCLUSION 
 

The main focus of this study was to demonstrate the potential of full field laminate thickness 
measurement during the Resin Infusion process. Several compaction studies have been 
presented demonstrating the complex nature of fibre reinforcements, and the influence of 
several process parameters. The complexity of reinforcement compaction response motivates 
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the detailed measurement of laminate thickness evolution, vital if accurate process 
simulations are to be developed. The disadvantages of single point measurement techniques 
has motivated the authors to develop a stereophotographic system for monitoring full field 
thickness variation. A full field measurement will help to explain spatial variations in 
laminate thickness, which appear to produce erratic results from experiment to experiment 
using single point techniques. An experimental facility has been established, and the 
technique validated against test 3D shapes. An initial Resin Infusion experiment has been 
subjected to the stereo technique, and while the results are visually pleasing, it is clear that the 
current image matching algorithm does not provide the accuracy of thickness resolution 
required. Efforts now focus on the implementation of an appropriate matching algorithm. 
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ABSTRACT:  A measurement method for the out-of-plane permeability is presented in this 
paper. The developed permeameter is capable to measure both compression as well as the out-
of-plane permeability. First results show an out-of-plane permeability that is in accordance 
with values found elsewhere. The compression test needs some more refinement and is not 
discussed here. The design of the instrument is such that it is relatively easy to change a 
preform between subsequent tests. A first attempt has been made to measure the viscosity of 
the test fluid in-line. 
 
 
KEYWORDS: composites, transverse permeability, determination, design, experiment 
 
 

INTRODUCTION 
 
In Resin Transfer Moulding (RTM) a porous pre-placed preform is impregnated by a resin in 
a closed mould. The flow in thickness direction of a preform is often regarded as negligible. 
This simplification is allowed for products with a small thickness compared to the in-plane 
dimensions. The flow in the mould will be approximately  two-dimensional. However, the 
increasing application of RTM for structural components has led to thicker components in 
which the flow through the thickness can not be neglected. Consequently, knowledge of the 
permeability in transverse direction, Kz, is receiving an increasing amount of attention. 
Another field in which the permeability in transverse direction is needed is the field of the 
infusion technologies. The resin is generally injected through a transport medium on top of 
the preform, after which the resin impregnates the fibres in transverse direction. A second 
aspect of the infusion technologies is the compression behaviour of the fabric. The 
compressibility and the permeability are interrelated [1] and therefore it is desirable to gain 
knowledge on both simultaneously. 
The presented work comprises the design of a permeameter and results of measurements of 
the transverse permeability during impregnation of the fabric. Measurements at a fixed cavity 
height are possible. The design of the instrument is largely based on standard tools [2]. This 
work was a part of a project in which the National Aerospace Laboratory and the Centre of 
lightweight constructions participated together with the University of Twente and was 
financed by the Netherlands Agency for Aerospace Programmes. 
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EQUIPMENT AND DESIGN 
 
The functions that have to be fulfilled are translated into design constrains resulting in the 
following list: 
 

• The cavity size has to be adjustable. 
• Race tracking must be avoided at all times. 
• The diameter of the cavity must be such that a steady-state flow through the preform 

is established during the measurement. 
• It has to be possible to measure both unsaturated and saturated permeability. 
• The pressure before and after the preform has to be measured. 
• The wetting time of the preform should be measured. 
• The permeameter does not need to handle thermosets, only test fluids will be used 

during measurements. 
• The permeameter does not require vacuum to be applied. 
• The permeameter must be capable to measure the compression force before as well as 

during injection. 
 
The design constrains led to the permeameter presented in this paper. It consists of five parts: 
the lower section, upper section, internal section, top lid and the compressing section. See 
Fig. 1. 
 

 
 

Fig 1 Composition drawing of the design of the permeability instrument. 
 
The liquid enters the permeameter through an inlet in the bottom. The fluid flows in upward 
direction. The lower section reaches up to the bottom of the preform. The preform edge rests 
on a sealing ring inside this part. The upper section is connected to the lower section with a 
thread on the outside of the lower section. This simplifies preform change between 
experiments.  
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The internal section is placed inside the upper section. The function of this part is to compress 
the preform on its edge. A thread is present on the internal section. The preform is tightly 
sealed by screwing it downwards onto the preform. It ensures that no race tracking occurs.  
The edge of the preform is covered with Poly Ethylene (PE). It serves as adhesive between 
the different layers that form the preform and tight sealing of the preform is ensured in 
combination with sealing rings. The top lid closes the cavity. A piston is present through the 
top lid. The piston can be translated vertically to control the cavity height inside the body. 
With this feature the fibre volume fraction (Vf) can be preset prior to the measurement. 
The preform is placed in the tubular cavity. Each side of the tube is closed with a lid, such 
that a completely closed system is formed. Fixation and compression of the preform is 
achieved by a set of soldered copper pipes. The fluid obstruction of the copper pipes is small 
compared to the obstruction by the preform itself. Fig. 2 illustrates the position of the copper 
pipes in relation to the preform. 
  

 
 

 

 

  
 
 
 
 
 
 
 
 
 
 

Fig 2 The position of the copper pipes in relation to the preform. 
 
The permeameter is placed in a press, which controls the required vertical position of the 
piston to be set at the desired height. A load cell connected to the piston measures the applied 
closing force. A linear variable displacement transducer (LVDT) is placed outside the cavity 
to measure vertical motion and the resulting cavity height. A perforated aluminium disk is 
placed underneath the lower set. This disk ensures the liquid to be distributed evenly prior to 
entrance into the lower copper pipes set. Visual inspection of the preform showed that the 
liquid level is even when the preform is reached. The cavity height and compression are better 
controlled, if the vertical motion of the copper pipes is restricted to the motion of the 
compression section. 
The viscosity is measured in-line in a section of the inlet tube. This section has a reduced 
diameter. This viscosity can be calculated using the Hagen-Poiseulle equation, which relates 
the pressure drop ∆P to the viscosity µ:  
 

µ
π 4

128
d

LQP v=∆                                        (1) 

 
Here µ is the viscosity, Qv the volume flow, L the tube length and d the tube diameter. 
The permeameter placed in the press is shown in Fig. 3. 
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Fig 3 Overview of the instrument placed in the press 
 

 
DATA ACQUISITION 

 
The load on the preform is measured with a 10 kN load cell. The output is between 0 and 10 
volts and fed into a data shuttle.  
The pressure is measured by pressure transducers KOBOLT type 3272.072.192 at three 
locations: two underneath and one above the preform. See figure 4. 

 
 

Fig 4 Location of the pressure transducers 
 

A reference pressure transducer is connected directly to the pressurised air system to monitor 
the injection pressure. The range of the transducers is 0 to 2.5 bars absolute pressure. The 
output of the transducers is a 0 to 10 Volt signal.  
The mass flow has to be measured to determine the saturated permeability. The mass of the 
pressure vessel holding the test liquid is measured as a function of time, obtaining the mass 
flow Qm. The decrease of mass is constant in time if a steady-state flow is obtained, 
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                                                      mQ
dt
dm

=  = constant                                            (2) 

 
The weight of the pressure vessel itself is large compared to the decrease of its weight. An 
accurate measurement is therefore difficult. It is necessary to compensate a large part of the 
total weight of the vessel. A spring was connected to the top of the pressure vessel to this end. 
This spring compensates for the net weight of the vessel. A small load cell is used to measure 
the change of weight of the vessel. Evidently, the flow going into the instrument should be 
equal to the flow through the preform. The pressure and flow measurement are synchronized.  
 
 

PREFORM PREPARATION 
 

The preform consists of a stack of circular shaped fibre mats. The stack has to be high enough 
to provide sufficient flow length through the preform. 
The preforms were prepared at the National Aerospace Laboratory (NLR) using a computer 
controlled cutting machine type (Zund M1600). The stack cannot be cut at once. The layers 
were cut individually. 
The cutting procedure, developed at the NLR, enables to produce automatically cut, circular 
preforms with smooth, non ravelling edges. Ravelling of the edges occurs when the blade of 
the knife is oriented parallel to the fibre bundle. The fibres are then pushed aside rather than 
cut, due to the relative loose structure of the fibre mat. The structure is stabilized by applying 
a Poly Ethylene (PE) film to the fibre mat. See Fig 5. 
 
  

 

cut  

PE 
 

 
 

Fig 5 PE film on the fibre mat 
 
The cut is made through the PE stiffened part, leaving a circular region free of PE.    
 
 
The preform, consisting of 30 layers (depending on the fabric about 10-12 mm thickness), is 
made by stacking the single layer preforms onto each other. A weight is placed on top to 
provide some compressive force. The PE is melted during 15 min at 150°C causing the 
individual single layer preforms adhere together. The result is shown in figure 6. 
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Fig 6 A stacked 30 layer preform 
 
 
The fluid is injected with a constant pressure. A pressure vessel is used to this end. The 
injection pressure is 0.2-0.3 bars. No vacuum is being applied to the instrument. Only 
saturated flow is measured. 
 

RESULTS & DISCUSSION 
 

A number of experiments were performed using a 2/2 twill carbon fibre fabric (Ten Cate CD 
202). First the flow front shape was checked visually. To this end the preform was placed 
without the upper lid and piston to make the arrival of liquid visible. Thus no compression 
was exerted on the preform. This causes a lower fibre volume fraction and therefore a less 
favourable situation to obtain a flat flow front. Even in this situation the liquid arrived in the 
middle as well as in the edges on the same time. Therefore a flat flow front was assumed in 
further measurements. The flow front advances in the order of 0.02 mm/sec through the tube 
and through the preform. 
The pressures at the entrance of the viscosity meter (P1), at the entrance of the cavity (P2) and 
above the cavity (P3) were measured (see figure 4). ∆Pvisc is the difference between P1 and P2, 
subscript “visc” denotes the viscosity. ∆P is the pressure drop between P2 and P3 that is used 
for the permeability calculation.  Note that only the saturated permeability is measured. The 
permeability is calculated according to Darcy: 
 

                                                    
PA

hQK v
z ∆

=
µ                                  (3) 

 
Here Kz is the out-of-plane permeability, Qv the volumetric flow rate, µ the viscosity of the 
test fluid, ∆P the pressure difference over the preform and A the area of the preform.  
The pressure and the mass flow are recorded as a function of time during the measurement. 
Fig. 7 shows a typical output. The preform has been compressed to 55 % fibre volume 
fraction (Vf).  The injection pressure is 0.2 bar. 
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Fig 7 Pressure and flow rate versus time preform under compression to 55% Vf  

 
The pressure transducer response at the start of the measurement is presented in Fig. 7.  
The pressure difference between P1 and P2 is very small and hardly distinguishable. A fast 
increase of pressure at the moment the flow front reaches the preform is observed. The 
preform used has been impregnated already in previous experiments, the wetting process does 
not occur anymore. Table 1 shows measurement results of repeated experiments on a single 
preform.  
 
 
 

Table 1 Results of a permeability measurement 
 

Exp 
# 

Qm  
[kg/sec] 

Qv 
 [m3/sec] 

µ 
[Pa.s]

h 
[m] 

A 
[m2] 

∆P 
[x105 Pa] 

∆Pvisc 
[x105 Pa] 

Kz
[m2] 

1 8.78x10-5 8.25x10-5 0.03 0.0106 4.3x10-

3
0.990 0.002 6.17x10-11

2 6,74x10-5 6,34x10-5 0.03 0.0106 4.3x10-

3
0.986 0.002 4.75x10-11

3 5,71x10-5 5,37x10-5 0.03 0.0106 4.3x10-

3
0.978 0.002 4.06x10-11

4 4,87x10-5 4,58x10-5 0.03 0.0106 4.3x10-

3
0.971 0.002 3.49x10-11

 
 
From these results it can be seen that the viscosity cannot be calculated according to Eqn 1 as 
∆Pvisc shows to be too small to give a reliable result. This is due to the accuracy of the 
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pressure sensors and the low volumetric flow in combination with the diameter of the tube 
applied. Its diameter has to be modified, see Eqn 1. 
When performing a measurement the volume flow rate reads an equilibrium value after a 
short settling time. This value is subsequently used for the calculation of the out-of-plane 
permeability. 
The results depicted in table 1 show that the out-of-plane permeability changes to lower 
values when the measurement is repeated with the same preform kept in place. This is directly 
related to Qv through the preform. The pressure over the preform (∆P) changes slightly (-2%) 
during the measurements whereas Qv decreases with 45%. The pressure change is due to the 
air supply system. Considering µ, and A constant, the change of Qv is attributed to a change of 
out-of-plane permeability.  Fibre bundles can slip to a more dense packing during loading and 
unloading due to lubrication by the test liquid. This results in a significant difference between 
dry and wet preform compaction [3]. So Vf  is not constant and h is not constant as recorded 
by the LVDT. This means that only a first measurement is useful for actual process 
simulations.  
 

 
CONCLUSIONS 

 
The conclusions that can be drawn from the experiments to measure the permeability are: 

• The several layers of a preform are molten together by use of an empirical process; the 
seal quality has to be controlled better. 

• Out-of-plane permeability data are in accordance with the literature, reliable 
permeability data can be obtained from the permeameter. 

• Slip between fibre bundles can occur in saturated permeability measurements due to 
lubrication. For actual process situations only the first measurement on a new preform 
is useful.  
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ABSTRACT: Liquid Composite Molding (LCM) regroups a number of well known 
manufacturing techniques of fiber-reinforced polymer composites based on resin injection 
through fibrous reinforcements. LCM processes such as RTM (Resin Transfer Molding) have 
been increasingly used to manufacture parts for a wide range of industrial applications and 
were shown to be cost-effective in the low to medium range of volume production. To 
improve the performance of these processes, more scientific knowledge of the impregnation 
phenomena is required. It has been recently observed that the resin velocity during 
impregnation of the fibrous preform is a key factor that governs the formation of macro/micro 
voids trapped between or inside the fiber tows. An inverse relationship of the volume of 
macro/micro voids with the fluid velocity indicates the existence of an optimum velocity that 
minimizes the void formation during mold filling. In this work, a new numerical simulation 
and process optimization procedure is proposed to minimize void formation during the filling 
stage in LCM. The approach consists of calculating the flow rate to be injected at each time 
step in order to guarantee an optimum impregnation velocity at the flow front that minimizes 
the formation of macro/micro voids. Experimental injections were conducted to validate the 
proposed approach. A test case was carried out on a composite part to highlight the 
advantages of the proposed optimization. This numerical tool brings an added value to 
standard LCM simulations and opens up the scope of a whole range of new applications of 
process optimization. 
 

INTRODUCTION 
 
During the past years, polymer composite applications have gained ground for technological, 
economical and environmental reasons. The aerospace, marine and automotive industries 
have pioneered the use of high performance composites in numerous structural and semi-
structural applications. Nowadays, a wide number of applications have appeared in different 
fields such as biomedicine, petroleum plants, bridges, etc. Liquid Composite Molding (LCM) 
regroups a number of techniques to manufacture fiber-reinforced polymer composites. LCM 
processes such as Resin Transfer Molding (RTM) have been increasingly used to manufacture 
parts for a wide range of industrial applications demonstrating the cost effectiveness of this 
technology in the low to medium range of volume production. In RTM manufacturing, during 
the injection stage, a liquid resin impregnates the fibers before it cures and solidifies. If the 
fibrous reinforcement is not fully impregnated, voids are created resulting in a decrease of 
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mailto:edu.ruiz@polymtl.ca


The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai,  FRANCE - 11 – 13 July 2006 

 

252 

mechanical properties and surface quality of the part. To improve process performance, void 
formation during resin impregnation must be reduced. The fibers typically used in LCM are 
described as a dual-scale porous medium [1]. As shown in Fig. 1 for a unidirectional glass 
fabric, porosities can be observed at two identifiable scales. Porosities at the macroscopic 
scale are defined as the free spaces between fabric tows (see Fig. 1(a)), while the microscopic 
scale represents the free spaces between tows (see Fig. 1(b)). This double scale porous 
medium leads to a two-level impregnation mechanism (i.e., filling of the micro and macro-
pores). Researchers have experimentally studied the infiltration phenomena and concluded 
that the resin velocity influences the formation and location of the voids in the part [1, 2]. 
During impregnation of a double-scale porous medium, the forces that induce the motion of 
the fluid are of two different nature: the viscous and the capillary forces. Bréard et al. [1] 
carried out a microscopic study of the porosity and void content of RTM composite 
specimens manufactured at different injection flow rates. It was found that for low resin 
velocities, the capillary forces become dominant inducing the fluid flow to travel through the 
fabric tows, where the porosity is smaller and the total surface tension higher. As shown in 
Fig. 2(a), in the case of capillary dominant flows, macro-voids can be trapped in the open 
spaces between fiber tows. In the opposite case, for high resin velocities, the viscous forces 
are predominant forcing the fluid flow to travel trough the open spaces between tows (see Fig. 
2(b)). As depicted in the microscopic image on Fig. 2(b), in case of viscous dominant flow, 
microscopic voids appear inside the fiber tows due to the difference between the viscous 
resistance in the tows and in the open channels. In the past, researchers have published several 
experimental investigations on the formation of micro and macro-voids [1-4]. Some analyses 
were also performed to identify and describe the mechanisms of void formation [5-6]. In 
practice, the injection flow rate should be optimized and controlled to minimize void 
formation. Numerical simulation is a useful tool of virtual prototyping in composite 
manufacturing. Computer analyses are addressed to model, predict and control the events that 
occur during the fabrication of LCM parts, although no much information is given about the 
impregnation of the fibers. In this work, a practical numerical methodology is presented to 
calculate the optimum injection flow rate that minimizes void formation and improves RTM 
processing. The proposed numerical approach results in a fast calculation of the optimal 
transient injection rate to open/close the injection gates and vents even in the non-isothermal 
case.  
 
 

OPTIMAL IMPREGNATION VELOCITY 
 
Various researches [7-9] have demonstrated that the percentage of macro/micro-voids 
formation is a near logarithmic function of the fluid flow velocity (v). As shown in Fig. 3, the 
volume of macro and micro void formation can be estimated as an inverse logarithmic 
function of the impregnation velocity. In this work, void formation was measured for three 
kinds of reinforcements: a monofilament mat Unifilo 101 from Vetrotex, a bi-directional glass 
fabric NCS 82620 and a woven fabric consisting of single end glass rovings Rovcloth 2454 
from Fiber Glass Industries. For each reinforcement rectangular composite plates of 35 x 25 
cm and 3 mm thick were impregnated with an epoxy resin. For each composite plate 
manufactured, the resin injection flow rate was varied between 6 and 18 ml/sec and the void 
content measured by comparison with the composite density (following the norms ASTM 
D792-00 and ASTM D3171-99). As depicted in Fig. 4 for the Unifilo 101, a nearly constant 
void formation was observed along the length of the composite plates. The figure also 
highlights the influence of the injection flow rate (or injection velocity) on the formation of 
voids. This experimental analysis demonstrates the existence of an optimal injection velocity 
that minimizes the void formation in the fibrous reinforcement [2, 7]. Instead of relating the 
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fluid velocity to the percentage of voids trapped, researchers [2-4, 7-9] have used an 
dimensionless parameter called the capillary number (Ca). This dimensionless number 
represents the relative effect of viscous forces and surface tension acting across an interface 
between a liquid and a gas. It takes the following form: 

γ
µ vCa =      (1) 

 
where µ  the viscosity of the fluid, γ  the surface tension at the interface air/resin and  is the 
fluid velocity. Patel et al. [2] measured the voids trapped for a large number of fluids and flow 
velocities. When void fractions are plotted against Ca, the experimental curves merged into a 
master characteristic curve. Void formation measured as a function of fluid velocity (as 
shown in Fig. 4) can then be transformed into a function of Ca. Using the surface tension 
characterized by Patel et al. [2] for an epoxy resin γ = 35 mN/m and a resin viscosity of µ = 
0,1 Pa.s, the measured void contents were compared for the three reinforcements as a function 
of Ca (see Fig. 5). It can be observed that minimum void formation is obtained for a Ca of 3,8 
e-2 for the Unifilo 101, while the FGI and NCS fabrics appear to have a minimum number of 
voids at lower Ca (not allowed by the injection system used in this work).  

v

 
 

OPTIMIZATION OF THE INJECTION FLOW RATE 
 
As detailed in [10], once an optimal capillary number is identified for a combination of resin 
and fibers, the optimal impregnation velocity ( ) can be calculated as follows: opt

impv

  
µ

γoptopt
imp

Ca
v =       (2) 

 
Darcy’s law is widely used to model the fluid flow through porous media. It establishes the 
relationship between the fluid velocity and pressure gradient P∇ : 

 
[ ] PKv front ∇−=
µφ

r      (3) 

 
where frontvr  is the fluid macroscopic velocity at the flow front, [ ]K  is the permeability tensor 
of the porous medium, µ  is the resin viscosity and φ  is the total porosity of the dual-scale 
porous medium. Assuming that the micro/macro voids appear in the partially saturated 
regions near the flow front, the injection flow rate can be optimized by setting the front 
velocity equal to the optimal impregnation velocity: 
 

opt
imp

opt
front vv =
r       (4) 

 
Neglecting the mold deformation, the global mass balance of the fluid indicates that the flow 
rate across the fluid flow front is equal to the flow rate  injected at the inlet gate: frontQ injQ
 

front injQ Q=        (5) 
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In a finite element control volume simulation (FE-CV), for a given time step (i.e., a step 
during part filling) the flow rate at the flow front  is calculated by the flow front velocity frontQ

frontvr  passing trough the flow front area : frontA
 

frontfrontfront vAQ r
=      (6) 

 
The optimal flow rate at the flow front  (i.e., the flow rate that minimizes void 
formation), can be calculated by considering the flow front area and the optimal impregnation 
velocity as follows: 

opt
frontQ

 
opt opt opt
front front front front impQ A v A v= ⋅ = ⋅

r     (7) 
 
If an optimal impregnation velocity is desired at the flow front, the flow rate  may be 
corrected in the following way: 

frontQ

 

frontfront
opt opt
front imp

vQ
Q v

=
r

      (8) 

 
To correct , the injection flow rate must be modified. To do so, an initial injection flow 
rate is corrected with the ratio between the calculated flow front velocity and the optimal 
impregnation velocity as expressed in equation (8). Regrouping equations (5) and (7), for 
closed loop iteration in k, the corrected injection flow rate that minimizes the formation of 
macro/micro voids is: 

frontQ

 

1

opt
imp inj

inj k
front

k

v Q
Q

v+

⎛ ⎞
⎜=
⎜ ⎟
⎝ ⎠

r ⎟      (9) 

 
where frontvr  is the averaged flow front velocity for all the elements located on the flow 

front calculated in the following way: 
 

1

/ /
i

n

front i iv v φ
=

=∑r r n     (10) 

 

Combining equations (1), (2) and (4), equation (10) can now be expressed as a function of the 
optimal capillary number as follows: 
 

knii

injopt

kinj
Ca

QCa
Q

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

=

+

,1

1
    (11) 
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The proposed optimization is limited to flows where velocity variations at the flow front are 
not too high. This is the case for preforms with very different permeabilities or parts of 
complex geometries where the flow is separated to travel around inserts. Note that even on 
these cases, the proposed methodology will reduce the formation of macro/micro voids 
compared to a non-controlled injection. Open channels (such as edge effects) should not be 
considered in this calculation because macro/micro voids are not trapped in these free spaces. 
 
 

NUMERICAL IMPLEMENTATION 
 
The numerical implementation of the optimization algorithm is based on a finite element 
approximation [11] of Darcy equation combined with an iterative procedure to correct the 
injection flow rate as proposed by equation (11). The algorithm starts with a standard filling 
simulation with the optimal impregnation velocity  imposed at the injection gate. The 

averaged capillary number 

opt
impv

nioptCa
,1=

 is then extracted from the finite elements at the flow 

front. This capillary number is then used in equation (11) to rescale the injection flow rate. 
For each time step, a closed loop iteration is performed until the averaged capillary number in 
the vicinity of the flow front approaches the optimal value . The resulting injection flow 
rate is then used as a new boundary condition to advance the flow front to a new transient 
position defined by the filling algorithm. Finally, a new time step is computed, and the 
iterative process repeated until the mold is totally filled. 

optCa

 
 

APPLICATION EXAMPLE 
 
To illustrate the capabilities of the proposed optimization procedure, an application example 
was performed for an automotive part. The isothermal filling of a car hood (see Fig. 6) was 
simulated at constant injection pressure, constant injection flow rate and with the optimized 
injection flow rate from equation (11). Fig. 7 shows a comparison of the void formation 
calculated for the three injection strategies simulated.  
 
The injection performed at constant pressure shows a high formation of voids (around 4%) at 
the middle of the radial geometry resulted from the central injection (see Fig. 7(a)). Similar 
results were obtained for an injection at constant flow rate because of the variations of the 
flow front velocity during filling of the car hood (see Fig. 7(b)). To optimize filling, the 
injection flow rate was adjusted in order to keep the capillary number at the optimum value. 
The final void distribution of Fig. 7(c) shows that the void formation decreased to nearly zero 
when the optimized injection is applied. Therefore the optimization strategy allowed reducing 
the total void content to a minimum, which will result in better mechanical properties for the 
final part.  
 
 

CONCLUSIONS 
 
This study concerns the optimization of the injection flow rate to minimize the void formation 
in composite parts manufactured by Resin Transfer Molding. The quality and mechanical 
performance of composite parts is strongly dependent on the percent of macro/micro voids. In 
this work, an optimization methodology was presented to reduce the percent of macro/micro 
voids formed during RTM manufacturing. The optimization is based on the optimal capillary 
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number at the fluid flow front position. To demonstrate the capabilities of the proposed 
algorithm, a test case on an automotive part was presented. The optimized injection 
(calculated with the proposed algorithm) was compared with an injection at controlled resin 
pot pressure. The optimization showed a minimization of the void formation for similar filling 
times. Finally, the injection optimization proposed in this work is shown to be a useful tool to 
minimize the percentage of voids formed within the fibrous reinforcement and increase the 
performance of composite parts by injection molding. 
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Figure 1. Fibrous reinforcements possess the structure of a dual scale porous medium: 
a) macroscopic voids can be observed between fiber tows; and b) microscopic voids 
exist between filaments. 

Micro voidMicro voidMacro voidMacro void

Figure 2. Impregnation mechanisms in a dual scale porous medium: (a) formation of 
macroscopic voids due to capillary forces (low resin velocity); and (b) formation of 
microscopic voids due to viscous forces (high resin velocity). 
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Figure 3. Macroscopic and microscopic void formation during fiber impregnation. 
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Figure 4. Measured void contents as a function of the injection length for the Unifilo 
101 glass mat. Results for three injection flow rates are reported. 
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Figure 5. Measured void contents as a function of the capillary number for the 3 
reinforcements tested. An optimal Ca exists for the Unifilo 101. 
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Figure 6. Geometry and 2D finite element mesh of the car hood used as application 
example. 
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ABSTRACT: With increasing usage of composites in primary structural applications and the 
drive towards efficient manufacturing routes like RTM there is a need to review the defect 
acceptance criteria. Amongst other manufacturing induced defects, distortion in the fibres in 
the form of waviness, become significant when loaded in compression. Also associated with 
any disorientation in the fibre tow path is the accumulation of resin rich pockets. In this work 
both in-plane and out-of-plane fibre waviness, and resin rich layers on the surface were 
simulated in flat panels. It was found that the presence of fibre waviness caused a significant 
reduction of up to 35.2 % in the compression strength. The failure initiated where the fibre 
misalignment was the greatest. In the case of  resin rich regions the failure did not initiate 
from the resin rich layer itself. Instead the  initiation of delamination was found to occur at a 
region demarking the deformed and the undeformed layers. The reduction in tensile strength 
was 32%.     
 
KEYWORDS: Resin transfer moulding; fibre wrinkling; fibre folding; resin rich layer; 
compression;  delamination;  
 

INTRODUCTION 
Resin transfer moulding offers a means of producing a high volume of parts at low cost.  With 
the increasing shift of focus towards efficient manufacturing methods there is a growing 
emphasis on using RTM in the aerospace industry for manufacture of primary structure 
components.  For such specialised applications many manufacturing deviations come under 
scrutiny and  an understanding of the defects and their effect becomes essential.  Issues like 
void generation, fibre wrinkling, folding, resin richness, complexities around 3-D geometrical 
features and their effect on mechanical performance are now of relevance in the industry [1-
4]. Waviness in fibres is a manufacturing defect that can be induced in the manufacturing step 
depending on the process used.  For example waviness could occur in filament wound tubes 
[5], or in the inner radii of L sections cured in a female mould due to corner consolidation. In 
the RTM process also there is a possibility of waviness induced in the preforming operation. 
Generally waviness can be either in-plane or out-of planes and can be defined by the ratio of 
the amplitude of the wave to its wavelength. The wavelength can vary from short to large 
distances and when deviations in fibre paths occur the space between the distorted fibre path 
is taken up by the matrix leading to resin rich regions. Thus defects of waviness and resin rich 
regions could co-exist. Waviness in either form becomes an important issue when parts are 
subjected to compression [4].  Composites are known to be inherently weaker in compression 
than in tension, Rosen [6] derived a relationship, between the compressive strength and the 
shear modulus of the matrix of a composite with initially straight fibres which buckle in phase 
but this gives values that are far too high. When fibre waviness is taken into account the 
predicted strength values are reduced considerably [7, 8]. When unidirectional composites  
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containing wavy fibres are compressed the misaligned fibres (with respect to the loading axis) 
are subjected to shear loading. The load when the shear stress exceeds the interlaminar shear 
strength of the composite is an upper bound on failure and it has been found by many that the 
failure occurs where the fibre misalignment is greatest [9,10]. Thus in the present work an 
attempt is made to simulate some of these defects in simple flat laminates and look at the 
initiation of failure in these samples. The effects on mechanical performance are reported.  
Also tensile tests were carried out on specimen with resin rich regions to study the effect on 
damage initiation. 
 

MATERIALS AND SPECIMEN PREPARATION 
All the test laminates were made using dry carbon fibre, 5-harness satin woven fabric and 
RTM 6 epoxy resin both supplied by Hexcel UK.  In our work the 0 degree direction of the 
woven cloth is considered to be the warp direction and the weft fibres therefore are the 90 
direction.  A resin transfer moulding facility developed at the University of Bristol was used 
to make the Carbon-epoxy flat laminates. The tool is comprised of a fixed cavity formed 
between the top and bottom plate with a spacing of 4.2 mm. A stacking sequence of 
((±45),(0/90))3s was used to make specimens with and without defects. 12 layers of dry fabric 
were cut to the required size and stacked together to form the preform. After loading the 
mould, the top and bottom plates were closed and the assembly of platens was then heated to 
120 deg C and the cavity with the preform was evacuated to 1000 mbar.  Resin was injected 
into the mould at 3.5 bars pressure and after completion of the filling process the mould was 
then heated to its cure temperature of 180 deg C and held at this temperature for two hours. 
From the cured laminate test specimens were cut to the required size using a diamond disc 
cutter. The edges of the specimen were then polished to get a smooth surface.   
 
Simulation of defects: 
Localised kinking of fibres can occur during manufacture when the process step induces axial 
compression on the fibres. This buckling of the fibres can either be in-plane or out of plane 
depending on the local constraining conditions. Thus the difference between folding and 
wrinkling is very fine and often difficult to distinguish.  
 
Wrinkling in this test programme is defined as that in which in-plane deviations of the fibre 
tows occur. The wrinkled plies were the sub surface plies (layer number 2, 4 and 6 from the 
top) and were the  primary load carrying (0/90) plies.This was done on only one side to 
simulate a real life situation where not necessarily all plies will be wrinkled at a particular 
location. They were simulated in the middle of the gauge section and constituted 25% of the 
total ply count. The extent of wrinkles was limited to a length of 16 mm and they were 
distorted in-plane by three tow widths, or approximately 7 mm. This resulted in a localised 
fibre disorientation of about 30 deg as can be seen in Figure 1. To get wrinkles in the fabric 
the areas outside the desired 16 mm length were shear deformed against one another in the in-
plane direction, by a specified amount of three tow widths. While doing the lay up it was 
ensured that all the wrinkled plies are wrinkled in the same direction and made to fall at a 
coincident location with respect to the centre of the gauge length.  
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16 mm 

Three tow widths 

Figure 1.  Picture showing in-plane fibre tow distortion in simulating 
wrinkling of fabric. 

 
 
Folding of the fibres in the test samples is defined as out-of-plane fibre distortion, and was 
simulated on 100% of the plies in the through thickness direction (i.e. the entire stack of plies 
[(±45),(0/90))3s] ) by crimping the preform in the through thickness direction. For doing this, 
a preforming tool was made. This consisted of arranging precured carbon fibre rods spaced 8 
mm apart on one side of the preforming tool while two rods were placed on the opposite side 
so as to fall in the centre of the span between the rods on the opposite side. The entire 
assembly was then heated to the preforming temperature of 150 deg C.  After a specified time 
of 20 minutes the pressure was released and the preform taken out and allowed to cool. Due to 
the manufacturing difficulties some variation in the fold parameters was seen. Thus fibre 
folding was simulated in the gauge section with a wavelength between 7 and 8.5 mm and 
amplitude of about 0.6 mm, as  shown in Figure 2. The distortion of the surface fibres was 
observed to be more than the fibres at the mid plane. The measured angular deviation 
observed at the centre of the laminate was found to be in the range 18 to 29 degrees.   
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8 mm 

Figure 2.  Out of plane fibre distortion simulating fabric folding . 
(Picture in negative to show clarity in fibre distortion).   

 
Resin richness: These are regions especially around corner radii, where a layer of resin is 
often found to be accumulated. These regions of resin richness form locally when the fibres 
get compacted to one side more than they would normally at other places. To simulate the 
resin rich layer within the flat specimen a forming tool of the desired resin rich geometry was 
fabricated. The preform stack with the forming tool was then placed in a vacuum bag. The 
entire assembly was then subjected to the preforming operation as described above. Using this 
method and after a few trials a successful resin rich zone of up to 12 mm long  and 0.6 -0.7 
mm depth was achieved as shown in Figure 3.  
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            Resin rich region 

Figure 3.  Resin richness simulated on the top surface 
of the specimen  

 
 
Specimen preparation: 
From the resin rich  test panel, tensile test specimens were cut to dimensions 25 mm wide and 
250 mm long (with a grip length of 60 mm), and emery paper of grit size 100 was used 
between the specimen and the jaws of the test machine to grip the samples at either ends. For 
the ply waviness studies, compression tests were carried out using the Imperial College 
Standard Test (ICST) rig.  Compression specimens of  100 mm length and 10 mm width were 
cut from the laminates and end tabs of length 40 mm were bonded on both sides at both ends 
giving a gauge section of 20 mm. All specimens were tested in an Instron machine under 
displacement control at a crosshead speed of 0.5 mm/minute.  The failure stresses are 
calculated based on the nominal ply thickness of 0.36 mm to compare with other data.  For a 
12 plied laminate the total thickness was 4.32 mm, compared with actual thicknesses ranging 
between 4.20 and 4.28 mm.   
 
 
 

RESULTS AND DISCUSSION 
 

When the specimens with no defects were loaded in tension they showed an increasing stress-
strain response till failure and there was some evidence of delamination close to the failure 
stress. The delamination was observed to occur at the interface between the weft fibres and 
the resin rich pockets formed at the spaces corresponding to the crimps in the fabric weave. 
When these samples were loaded in compression the failure was sudden with fracture running 
through the entire thickness of the sample. The compressive failure stress was 492 MPa, 21% 
lower than the tensile failure stress of 625 MPa.    
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Fibre wrinkling: 
During the compression test, the edge was observed carefully and delamination cracks were 
observed to appear within the wrinkled layer region. Closer examination revealed that the 
cracks relate to the interface between the outer most angle plies and the adjacent wrinkled 
layers (0/90), Figure 4.  Possibly the location of the cracks corresponds to a place where the 
fibre tows of the wrinkled layer are cut where they meet the edge of the sample. The initiation 
stress was found from observation of the specimen edge during the test to be about 319 MPa 
and 

the failure stress 370 MPa, which is 35.2 % lower than the failure stress of 492 MPa obtained 
from pristine laminates. The localised angular distortion of the wrinkled fibres (in-plane) is 
about 30 deg from the nominal fibre axis, which will significantly affect the stiffness 
properties locally and together with its asymmetric location will lead to bending of the 
specimen. Therefore delamination occurs early between the interface of the angle and axial 
plies within the wrinkled region. The wrinkling is uniform in all the specimens and  initiation 
is from a specific feature i.e. the interaction of the local fibre tow path and the specimen edge, 
which probably explains the small scatter,  with a c.v. of about 5 %.   

 
 
 
                                             Crack initiation 

 
Figure 4.  Picture showing the initiation of delamination at the interface of the wrinkled  a
angle plies in the specimen. (Note the white dots are marked on the specimen edge to 
monitor strains during the test) 

nd

266



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE – 11 – 13 July 2006 

(a)   
Crack initiation points 

(b)   

Figure 5.   Different types of failure pattern observed in the samples (a) with delamination 
initiation at two locations and (b) with one initiation  location. The dashed line denotes the 
general plane of failure corresponding to maximum fibre misalignment.    

 
 
Fibre folding:  
When the specimens were tested in compression, prior to reaching the peak load there was a 
discernable slope change in the load-deflection plot and at this point the specimen showed 
substantial cracks /delamination initiation between the surface and the subsurface plies, as 
shown in Figure 5 (a) & (b) resulting in sudden out of plane buckling of the specimen. At this 
juncture there was a significant drop in load and with increasing displacements, more 
delamination cracks began to appear and grow. The specimen edge was carefully monitored 
during the test and from the visual observations the stress corresponding to the damage 
initiation was found out to be about 138 MPa and was closely followed by the specimen 
failure at about 140 MPa. Thus the damage initiation stress is about 72% lower than the base 
line data of 492 MPa for the pristine laminate. It was also seen that there was not much time 
interval between the appearance of the first crack and the final failure. The fibre folding from 
the manufacturing process showed a slight variation in the degree of folds, Figure 2. In 
specimens where the fold was uniform throughout the gauge section the failure initiated 
simultaneously from the transition between the straight fibres and the fibres with folds located 
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at both ends of the gauge section. Also since there were three folds in the gauge section the 
two outer folds were in phase with each other and this facilitated  the out of plane 
displacement of the entire central section in unison, Figure 5(a). This kind of failure occurred 
at an early stage and the central gauge section was found to displace laterally thereby 
registering a lower failure initiation stress of about 111 MPa. In specimens with non 
uniformly distributed folds or varying fold geometry, Figure 5 (b) the failure occurred at the 
place where the severity of the fold was greatest. Usually it was observed that the most 
severely folded fibres lay closer to one of the supported ends and a higher initiation stress of 
about 163 MPa was recorded. The difference in the two failure types observed  explains the 
large scatter (c.v. of 21%)  in the data. In all these cases the failure could be attributed to shear 
induced delamination initiation at the sub surface ply as indicated in the Figures 5 (a) and (b).  
 
 
Resin richness: 
As a result of manufacturing variabilities the resin rich layer thickness varied between 0.6 mm 
and  0.7 mm. It may be recalled that the resin rich layer was created using a preforming tool 
on one side. As a result, there was deformation of the plies that was greatest at the surface and 
negligible beyond the mid plane, Figure 6 (a). These samples were tested in tension with six 
samples in this category.  No failures were observed in the resin rich regions.  The initiation 
of the 1st set of cracks appeared at the interface between the deformed and undeformed fibres 
which roughly corresponds to the mid plane, Figure 6 (a) & (b), with no failure in the resin 
region. The initiation stress for the delamination of about 300 MPa is 46.9% lower than the 
baseline samples. Soon after, a 2nd set of cracks appeared at 305 MPa within the deformed 
region, at the interface between one of the sub-surface angle plies and the adjacent axial plies, 
Figure 6 (b).  The volume fraction is estimated to be about 68% in the region below the resin–
rich layer, provoking early delamination. Many such delamination cracks appear in  the 
vicinity of the resin rich region, causing the deformed plies to separate and straighten up at 
about 389 MPa.  The specimens fail completely at about 428 MPa, and the reduction in 
strength is  32 %. 
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Location for 1st set of 
crack initiation

Resin rich region Location for 2nd set of 
crack initiation Deformed

plies 
 

Undeformed 
plies (a)

       (b) 

Initiation of 1st set of cracks at the interface between the deformed and 
undeformed layers 

Figure 6.  Schematic diagram (a) with picture showing initiation of 
delamination in (b) at the interface between the straight and deformed 
layers and subsequent propagation  

CONCLUSION 
 

• Wrinkling of the 0 degree fibres by approx 30 degrees in-plane in one half of a quasi-
isotropic laminate reduced the compressive strength by about 35 %.  Damage initiated 
at a stress 35.2% below that of the pristine specimens, with small cracks where the 
wrinkled plies were cut at the edge. 
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• When all the fibres are folded  by approximately 29 degrees out-of-plane, the 
compressive strength is reduced by 71.5 %, with damage initiating just before failure. 

• Failure in this case occurs at the place where the deviation in the fibre angle is 
greatest, believed to be controlled by the local interlaminar shear strength of the 
misaligned layers. 

• For specimens with a resin rich layer on one surface loaded in tension no failure was 
observed in the resin rich region.  Failure initiated primarily as delamination cracks in 
the region demarcating the straight fibres and the sub surface layers which were 
deformed as a result of the way the resin rich regions were formed.   

• Damage in this case initiated at 46.9% below the pristine samples. Due to the 
asymmetric location of the resin rich region across the mid plane, bending was 
induced, with a reduction in ultimate tensile strength of about 32 %.   
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ABSTRACT: Entrapments in liquid composite moulding (LCM) can be simulated based on 
elementary physical assumptions. In this contribution, mainly the conservation of the 
entrapped gas mass and the ideal gas law have been taken into account. In addition an 
algorithm tracking the evolution of the gas entrapments during the injection has been 
implemented. Simulation results considering non-moving and moving gas entrapments are 
presented and discussed. Furthermore injection experiments in a glass-tool have been 
performed to validate simulation results. The detection and tracking methods implemented 
could be verified and turned out to be reliable. Limitations of the simulation were found for 
small bubbles. 
 
 
KEYWORDS: Liquid Composite Moulding, gas entrapment, process simulation, gas 
transport. 
 

INTRODUCTION 
Dry spots resulting from gas (air) entrapments are a serious problem in LCM processes Voids 
on mirco and meso scale have been extensively investigated in the past in order to better 
understand their formation and transport mechanisms and their influence on the laminate 
quality. 
The formation of micro voids has been studied in Ref. 1. It was found that the distribution and 
size of voids could be explained by mechanical gas entrapment at the flow front and by the 
ideal gas law. In Ref. 2 the deformation of the shape and the break up of drops moving 
through an array of solid cylinders was investigated. 
In addition to mirco voids, macroscopic gas entrapments can occur in unstable processes. 
These dry spots have a dramatic influence on the mechanical properties of the concerned 
component. 
 
 

PROCESS SIMULATION 
LCM-simulations including macroscopic gas entrapments have been performed using FELyX. 
This is an open source finite element software for solving structural problems as well as for 
LCM filling problems. To consider the formation of entrapments and their evolution methods 
for their detection and tracking were implemented. 
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Modeling and simulation of gas entrapments is based on following assumptions: 
• Conservation of the entrapped gas mass. Absorption and/or vaporization effects 

between the resin and the entrapped gas are not considered.  
• The entrapped air is behaving like an ideal gas. Ideal gas law is assumed to be valid 
• Injection takes place at constant temperature. 
• The viscosity of the entrapped gas is negligible compared to the viscosity of the resin. 

Thus the pressure within the gas entrapment is constant. 
 
 

DETECTION OF ENTRAPMENTS 
In each time step the current entrapments have to be localized. For this purpose a recursive 
detection algorithm for unfilled areas has been implemented in FELyX. The detection 
function starts at an unfilled node, marks it and marks all neighbour nodes which are not filled 
either. All marked nodes belong then to this unfilled area. 
 
Unfilled areas which are directly connected to a vent are detected at first, as they can 
obviously not be considered as entrapments. Therefore the detection starts at each vent node. 
After the detection of the vent areas, all remaining unfilled areas can be identified as 
entrapments. 
 
 

TRACKING OF ENTRAPMENTS 
To calculate the current pressure within the entrapment the mass of the entrapped gas needs to 
be known. Mass estimation is cumbersome because the nodes belonging to a specific 
entrapment may change for every time step, due to the fact that new entrapments can occur 
between two time steps and existing entrapments can move, join, split or even dissolve. Thus 
the correlation between entrapment nodes during two consecutive time steps needs to be 
investigated. Since the location of the nodes is difficult to evaluate with respect to the 
membership to a certain entrapment, particularly if entrapments are close to each other, only 
the membership of nodes to entrapments is evaluated. 
 
In the following we consider five scenarios, which can occur to entrapments: 

• Splitting entrapment: two (or more) entrapments of the current time step consist of a 
high fraction (> 75%) of nodes that already belonged to an entrapment of the previous 
time step. 

• Joining entrapments: two (or more) entrapments of the previous time step have a high 
fraction of nodes that belong to an entrapment of the current time step. 

• New occurring entrapment: none of the previous entrapments has a high fraction of 
common nodes with the new entrapment.  

• Dissolving entrapment: none of the entrapments of the current time step has a high 
fraction of common nodes with this entrapment of the previous time step. 

• Moving entrapment: this is the most frequently occuring scenario. An entrapment of 
the current time step has a high fraction of member nodes which have belonged to an 
entrapment of the previous time step. Unlike for the case of a splitting entrapment 
only one predecessor exists. 
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This tracing strategy is illustrated by the following example. Five entrapments with a 
specified number of nodes are shown on the left side of Figure 1. On the right side a set of 
five entrapments is shown for the next time step.  
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Fig 1: Entrapments and their member nodes for two successive time steps 

 
In order to track the evolution of the entrapments, the information is bundled in two matrices 
as shown in Figure 2. The matrix RIN on the left side (“reappear in new”) describes how 
many nodes of the old entrapments reappear in the new entrapments, while the matrix AIO on 
the right side (“appeared in old”) describes how many nodes of the new entrapments already 
belonged to an old entrapment. 
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Fig. 2: correlation matrices for entrapment tracing 
 
Merging entrapments are characterized by columns with two or more high correlation values 
in the AIO-matrix, splitting entrapments by rows with two or more high correlation values in 
the RIN-matrix. Dissolving entrapments are characterized by rows without high correlation 
values in the AIO-matrix, new entrapments can be found by columns without high correlation 
values in the RIN- matrix. Finally, moving entrapments belong to none of the previous cases 
and have a high correlation either in the RIN- or in the AIO-matrix. 
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MOVING ENTRAPMENTS 
Generally speaking, entrapments can expand or compress according to surrounding pressure 
changes and/or can move if they undergo a pressure gradient.  
 
The mobility of entrapments is implemented based on elementary rules. In this context the 
edge of an entrapment is considered as a flow front and is simulated applying the volume of 
fluid algorithm [3]. Furthermore, an additional feature taking into account the the fact that no 
liquid can spill out of an empty control volume has been implemented. 
This problem is exemplified in Figure 3. We consider an entrapment in a mesh of triangular 
elements (blue). The control volumes are highlighted in red. The green marked element is at 
the edge of the entrapment in flow direction. On the nodes 1 and 2 a pressure boundary 
condition is applied since both nodes belong to the entrapment. Obviously the pressure at 
node 3 will be lower than the pressure at nodes 1 and 2 . The resulting pressure gradient 
would produce a flow from node 1 and 2 to node 3, even though nodes 1 and 2 are actually 
empty, thus resulting in simulation errors, namely in the determination of the filling time and 
in the flow pattern. With respect to the simulation of the entrapment mobility, this undesired 
flow would also prevent node 3 from being depleted. Therefore the front edge of the 
entrapment would not move and entrapments would not expand when the surrounding 
pressure decreases. 
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Fig 3: Control volumes and element at the front of an entrapment. 

 
Figure 4 shows a sequence simulating the movement of a gas entrapment. The entrapment 
dissolves when it reaches the flow front. 
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Fig. 4: Fill simulation of a moving entrapment (red regions are filled). 

 
It can be seen that the entrapment is moving faster than the fluid. To understand this behavior 
a 1D flow channel is considered. Without disturbances and without entrapments there is a 
uniform, linear pressure distribution. This is illustrated by the resulting isobars in Figure 5 
(left). If an entrapment occurs as shown on the right side of Figure 5, the pressure distribution 
is disturbed. High pressure gradients result on the left and on the right edge of the entrapment. 
(red marked areas). According to Darcy’s law these high pressure gradients lead to high flow 
velocities on the left and on the right of the entrapment. The fast flowing resin in front of the 
entrapment clears the way for the entrapment and the resin behind the entrapment fills the 
area behind it. 
 

 
Fig. 5: pressure distribution in flow channel 

without entrapment (left) and with entrapment (right) 
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NON-MOVING ENTRAPMENTS 
Entrapments that occur in corners or that cannot move due to other reasons are compressed or 
expand until pressure equilibrium is reached. This mechanism is simulated using a closed 
flow channel without vents as shown in Figure 6). The dashed lines show the state of 
equilibrium for the two injection pressure values used for the simulation (50, 100….). After 
the pressure equilibrium between injection pressure and entrapment pressure is reached the 
pressure at the injection gate is reduced to p2 = p1/2. After a while, the entrapment expands 
again until the new pressure equilibrium is reached again. However, as highlighted in Figure 
6, the straight flow front is destroyed and the resin takes the way of the least resistance. The 
size of the fingers depends on the mesh density, since the minimal width of a finger is 
determined by the width of the control volumes. In the simulation shown in Figure 6 16 
elements in width were used. 
 

p = 100 p = 100 p = 100 p = 100 p = 100 p = 50 p = 50 p = 50

time 

p = 50p ≥ 50p > 50p = 100p ≤ 100p < 100p < 100p < 100

compression of entrapment partial expansion of entrapment

 
Fig 6: compressed and re-expanding entrapment 

 
 
 

EXPERIMENTAL INVESTIGATION OF MOVING ENTRAPMENTS 
The arrangement used for the simulation has been reproduced in a glass-tool in order to 
validate the simulation results. The sequence of pictures shown in figure 7 shows the flow 
pattern observed through a glass lid. A 0/90° woven fabric with 40 % fiber volume content 
was used. 
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40 s18 s10 s5 s3 s 4 s

2 s1 s

25 s 40 s18 s10 s5 s3 s 4 s

2 s1 s

25 s  
Fig. 7: entrapment evolution in a 0/90° fabric 

 
Figure 7 shows that the entrapped air is spilled out not as a whole bubble but separated into 
many small bubbles. This effect could be easily seen during the injection experiments. The 
image in Figure 8 shows typical air bubbles traveling through the saturated areas of the 
laminate. These bubbles have a diameter up to 1 mm. The size might depend on the roving 
diameter of the used fabric. 
 

5 mm5 mm5 mm

 
Fig. 8: small bubbles travelling through filled areas. 
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CONCLUSIONS 
An algorithm to simulate gas entrapment mechanisms based on elementary laws has been 
developed and implemented in the LCM-simulation tool FELyX. The algorithm is  able to 
detect and track  gas entrapments. Results achieved so far are encouraging, showing that the 
algorithm is correctly simulating gas-entrapment mechanism with respect to their size and 
pressure..  
Nevertheless the experimental program has shown, that the simplification to blur the fabric as 
an homogeneous porous material leads to wrong simulations of gas entrapments. As shown in 
Figure 7, entrapments do not vanish as one whole bubble, but as many small bubbles. 
Provided that entrapments appear in areas with pressure gradients toward the flow front, the 
resulting small gas bubbles that travel through the resin are likely to create zones with high 
matrix porosity. For this reason, entrapments will probably degrade the matrix quality, even if 
they seems to dissolve during the injection. However, in most cases entrapments don’t move 
at all since they stay at one location, e.g. they may be trapped in a corner. 
 
This behavior of the entrapments cannot be simulated on a macro scale using the elementary 
physical laws implemented in the code. The restriction of the minimal bubble size to at least 
one control volume makes it impossible to simulate moving entrapments realistically. Beside 
this, other effects like surface tension forces that are neglected in these macroscopic 
simulations may become important. For realistic simulations of the progression of 
entrapments more sophisticated entrapment models taking into account the different nature of 
the flow progression in and between the fibre bundles will be required. 
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ABSTRACT: In this study, we present a simple technique for revealing of the key 
parameters of the RTM (resin transfer moulding) process, as permeability and the kinetics of 
the front. The variations of permeability during the treatment shows the capillary effect which 
is modelled for two configurations. The analysis of the front kinetics allowed making the 
identification of the tensor of permeability and the examination of the capillary number put in 
evidence a non saturated zone which can be characterized by a critical length. 
 
 
KEYWORDS: Resin Transfer Moulding, Flow front, Relative permeability, Void, Capillary 
Pressure, Critical Length. 
 

INTRODUCTION 
Composite molding is a technique more and more used in the industry. The family of 
processes LCM "liquid composite molding" and it’s by products (RTM, LRI, RFI) is 
commonly used at present in aeronautics, automobile industry, water sport, civil engineering 
and aeolian industry. In the case of the resin transfer molding (RTM), the process consists of 
the injection of a thermoset resin in a closed mold containing a fibrous glass reinforcement 
arranged in advance. This process allows the manufacture of high quality composite parts 
with complex geometries within limited dimensions. Numerical simulation tools of these 
procedures were finalized and are the subject of numerous programs of validation. The 
optimization of the parts material health remains a crucial point to go into. 
 
With the use of Darcy's law, relation between the flow debit through a porous medium and 
the fall of pressure in the mold cavity, the process corresponding to the filling of the mold can 
be predicted. Several works were realized in the case of the RTM on this phase of filling [1-
3]. Faced with the complexity of the identification of the tensor of permeability, several 
researchers concentrated their efforts on the experimental techniques. The influential factors 
in the estimation of permeability are the technique of measurement, the mold edge effect, the 
direction of the flow and the interaction between the resin and the reinforcement. Several 
authors tried to measure the loss of pressure according to the debit to verify the linear 
behavior described by Darcy's law. The anisotropy of reinforcements was also studied, among 
other things by [4-5]. These works have for common point the use of a central injection 
mould one of whose patches is transparent thus allowing to follow the flow front. 
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The knowledge of the permeability of fibrous reinforcements is essential to the simulation of 
the RTM process. In this article, we model permeability according to the parameters of 
control and we present the expression of the capillary number and of the critical length for 1D 
and 2D. We have measured permeability for a radial injection using a simple measurement 
technique. A mould has been designed and fitted out with a transparent patch displaying the 
front flow. The analysis of the front kinetics has allowed the identification of the permeability 
tensor. The measurement results and the consideration of the capillary number have revealed 
a non-saturated zone which is characterized by a critical length. 
 

EXPERIMENTAL SETUP 
 
The realized apparatus consists in a parallelepiped cavity with the dimensions 270x270x3.4 
mm used for a radial injection. The mould consists of a steel bottom and of a glass or Plexi-
glass top. Injection is done by means of a buzzard placed at the centre of the mould and 
connected to a hydraulic jack by a flexible hose equipped with a distributor to evacuate air 
bubbles. The hydraulic jack containing glycerine is activated by a drive machine (figure 1). 
The fluid impregnated the reinforcement inside the mould cavity according to a bidirectional 
flow (2D) before being evacuated to the other end of the mould by means of hole placed at 
the bottom of the mould. The technique of radial injection (2D) has some benefits on the 
measurement of the unidirectional permeability (1D). It allows to make a single measurement 
of the permeability tensor and to eliminate the edge effects usually met in the techniques of 
measurement of unidirectional permeability. Experimental setup allows following the 
evolution of the front flow according to time and to measure the fall of pressure of injection 
between two successive placements of the front. From this information, the permeability of 
the reinforcement can he easily inferred. The realized assembly allows only the resin injection 
with a constant debit. 
 
Concerning the measurement of the pressure injection, a pressure sensor is placed exactly at 
the point of injection. A transparent upper patch containing several circles of various 
diameters and lines with various angles allows to display the forms and to measure the beams 
of the front flow (fig. 2) during the filling [6]. 
 

 
 

 

Fig. 1 Principle of experimental assemblies   Fig. 2   System of measurement 
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ANALYTICAL MODELLING 

 
The pressure equation  
 
The satisfaction of the reinforcement by the resin is likened to the flow of an incompressible 
and thermally insulated Newtonian fluid through a homogeneous porous medium. It is 
governed by the equation of continuance and Darcy's law. Within the framework of the radial 
injection, an analytical solution can be easily deduced. It leads to a ruling equation of the 
dynamics frontally according to the field of pressure. 
                                                               BrArP += ln)(                                                 (1) 
 

Table 1 Permeability, Capillary Number and Critical Length in injection 1D and 2D 
 

 At  constant debit (Qinj. = constant) 
Injection 

mode 
1 D 2 D 

 
K P

x
A
Q

K finj

∆
=

φ
µ

 ( )
Pt

rrrrµK ff

∆

−
=

)ln(
2

0
2

0
2φ

 

 
Ca ( )θγφ cosL

PKC a
∆

=  

 
Ca ( ) f

inj
a x

LA
Q

C
θγφ

µ
cos2=  

( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛−
=

0

2
0

2

2 r
r

Ln
t
rrQµ

C ffinj
a  

 
Lcv  

( ) 1

0

2
0

2

2

−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛−
=

r
r

Ln
t
rrQµ

DL ffinj
fcv  ( )

1

2 cos

−

⎥
⎦

⎤
⎢
⎣

⎡
= f

inj
fcv x

LA
Q

DL
θγφ

µ

 
 
The pressure field depends only on the radial distance to the injection gate because the porous 
medium is ensured to be isotropic (i.e., Kx = Ky = Kz = K).  
 
The conditions are as follows: 

0rr =  is the beam of the threshold of injection and the frr =  is the beam of the flow front; 
With  is the pressure of injection and ( )tPi fPtP =)(  is the pressure at the flow front. 
By successive integrations, the pressure distribution in the mould is obtained:  
 

( ) ( )
( ) i

f
fi P

rr
rrPPrP +−=

0

0

ln
ln)(                                   (2) 

 
Let us call back that from a numerical point of view within of the simulation of LCM 
processes, different approaches were used to resolve the continuity equation and Darcy's law 
[1-3]. The prediction of the permeability of reinforcements was also the subject of numerical 
approaches by resolving the equation of Stokes on an elementary volume. However, the use 
of this method remains still limited. For that reason, in practice, the measurement of the 
permeability is still essentially made from the study of some flow types which lead to some 
analytical solutions allowing the estimation of the permeability value. 
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Two methods can then be used. The first one is linked to a unidirectional flow (1D) and the 
second one for the radial flow (2D). In our study, we use an isotropic reinforcement. The 
general solution formulating the expression of permeability is presented in table 1. It is 
obtained by resolving the equation of pressure with a condition of injection with constant 
debit within the frameworks of unidirectional and radial flows. 
 
Capillary effect 
 
By observing the kinetics of the follow-up of the flow front, the evolution of the capillary 
number is examined. Several researchers concentrated on the one-dimensional shape of 
Darcy's law with the capillary pressure in the flow front [7-8]. As a result, the rigorous and 
precise description of the flow in the neighbourhood of the front cannot be treated on Darcy's 
[9] law basis alone. Indeed, this takes into account only driving forces due to pressure or to 
the compulsory debit. At the level of the front and because of the non saturation of the 
reinforcement, it becomes imperative to take into account the contribution of the capillary 
pressure. Wong [10] suggests defining a critical length of the flow Lcv (Cross-over length) to 
quantify the effect of the capillary pressure. This approach was resumed by Weitzenböck [11] 
who redefines this length by: 

   ⎟⎟
⎠

⎞
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⎝

⎛
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a

f
cv C

D
L                                                             (3) 

 
Where: Ca is the capillary number and Df ( m ) the diameter of the fibre where the pore is 
placed at the level of the supposed material front that one suppose subjected to the fall of 
pressure ∆P=Pinj. – Pfr. (with Pinj. pressure of injection and Pfr. pressure of the front). 
On the basis of Ahn's works [7], Weitzenböck estimates capillary pressure Pc (Pa), on a 
function of the porosity and a parameter F called "Factor of Shape". This factor, often 
measured experimentally, depends on the alignment of fibres and on the direction of the flow. 
This capillary pressure for a fibrous reinforcement is defined by: 
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Where: γ  is the superficial tension of the fluid (N/m), θ is the contact angle of solid liquid, De 
is the equivalent diameter of the pore and F is the factor of shape (F = 4 for a flow along the 
fibres and F=2 for a transverse flow in fibres). The advantage of relation 4 is that it makes it 
possible to consider a possible affinity between the fibres and the fluid used for the 
measurement of permeability through the contact angle. 
 
Table 1 gives the expressions of the critical length that we have calculated for unidirectional 
and bidimensional flows. Critical length allows appreciating the importance of the effect of 
the capillary pressure for a given attempt. To estimate the importance of this capillary effect 
in our radial injection experiences, we calculated the capillary modified number according to 
the fall of pressure, to the physical properties of the fluid and the characteristics of the 
reinforcement. 
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µ
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uCa =                                                                 (5) 
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Where, u is the relative velocity of flow when fluid soaks dry fibres. 
By using Darcy's law, this capillary number becomes: 
 

                                                                      ( ) L
PKC a

∆
=

θγφ cos
                                                            (6) 

 

L
P∆

 is the pressure drop through the reinforcement of permeability K. Equation (6) was also 

used by Foley and al. [12] who found a transition where permeability decreases with a 
capillary number of the order of 0.01.   
 
The analysis of the flow through a fibrous medium (particularly within the framework of the 
measurement of the permeability) can be examined by using critical length, which measures 
the importance of the capillary effect during the soaking of the reinforcement. This effect 
depends on the capillary number and on the type of reinforcement. 
 
Afterward, values used in this study are: velocity of injection Uinj.=0.35 cm/s or Uinj.=1.5 
cm/s, a factor of shape F=2,µ= 0.12 Pa.s (glycerine), superficial tension of the fluid γ=60 10-

3 N/m and the contact angle of solid liquid θ=0° [13]. 
 
We present the evolution of the critical length of the flow according to the capillary number 
for two flow configurations of 1D and 2D (figure 3). Results show that when the capillary 
number increases, the critical length of the flow decreases considerably. Also one note that 
from a capillary number of the order of 10-4 the critical length of the flow becomes very short 
which means a transition toward saturation. Figure 4 represents the ratio between the critical 
lengths of the flow and the position of the front according to the kinetics of the front for two 
configurations (1D and 2D). At the beginning of the experiences an important decrease in the 
ratio is observed, which is more important for 1D than for 2D. 
 
The importance of the capillary effect depends on the parameters of the moulding. Thus effect 
decreases if the time of filling decreases; that is, if the pressure where the debit of injection 
increases. It also decreases if the porosity decreases. The curves also show that this effect is 
important at the beginning of injection and decreases with the length the front (figure 3). 
Figure 5 shows also that the critical length and therefore the capillary effect decreases when 
the speed of injection increases [14] and decreases when the porosity decreases (figure 6) in 
agreement with the literature. 
 
Figure 7 represents the rate of void according to the capillary number for two different 
velocities of injections. This percentage is calculated by means of the model formulation in 
(7) with couple reinforcement / fluid equivalent for a flow through an isotropic medium. We 
observe that the rate of void decreases also when the capillary number increases as noticed by 
[13]. 
 
                                                 ( )aCLogV 16.17849.57 −−=                                                  (7) 
 
Where: V is the percentage of void and Ca the capillary number. 
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DISCUSSION   
 
The results that we present here are obtained for a central injection whose beam of injection is 
R0=2 mm. The flow of the injected fluid is realized through an isotropic medium with 
velocities of injections of 0.35 cm/s, 1.5 cm/s and a viscosity of 0.121 Pa.s. Permeability is 
measured by means of a radial injection mould with reinforcements of 8 and 9 plies 
corresponding respectively to porosities 0.69 and 0.65. 
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Fig. 3  Evolution of the critical length vs 
the capillary number for Unidirectional 
and Radial injections 

Fig. 4  Evolution of the ratio of the critical 
length and the position of the front for 1D 
and 2D injections 
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Fig. 5 Evolution of the report of the 
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Fig. 6 Evolution of the critical length for 
two different porosities 

 
      
During the experiments, the fall of pressure varies between 0 and 1 Bar. For a velocity of 
constant injection or constant debit), we measure the fall of pressure (∆P), the position of the 
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flow front (rf) and corresponding time (t). Permeability K is then calculated (table 2) knowing 
the beam of injection r0, the porosity of the reinforcement φ and the viscosity of the fluid µ. 
 
In figure 8, we present calculated permeability (table 1) according to the pressure of injection 
measured for two different porosities. Results show that when the fall of pressure increases, 
permeability decreases. This last one becomes constant from a fall of pressure of 0.25 Bar and 
this independently from the pressure. This variation of permeability can be explained by a 
non linear behaviour of Darcy's law, and can also be accounted for by a non-saturation of the 
environment. The result represented in figure 8 is in agreement with the evolution of the 
critical length according to the position of the front (figure 6). 
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Number of plies 8 9 

Porosity 0.69 0.65 

Permeability (Averaged 
value) (10-9 m2) 

1.45 0.85 

Permeability (Averaged 
value) (10-9 m2) [15] 

0.462 

Fig. 8: Evolution of permeability vs the 
fall  injection of pressure (2D) 

Table. 2 Values of permeability for a 2D 
radial injection (isotropic reinforcement) 

 
 
The values of permeability obtained spread out between 1.12 10-9 and 2.38 10-9 m2 for a 
porosity of 0.69 whereas those for a porosity of 0.65 are contained between 0.74 10-9 and 1.35 
10-9 m2. Average values are respectively of 1.45 10-9 and 0.85 10-9 m2. 
To estimate the accuracy of measurement, we took into account the uncertainties of all the 
values. The relative error of permeability is of the order of 16 %. 
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CONCLUSION 
 
A simple experimental assembly was finalized and allows making measures of pressure and 
flow front to calculate permeability for different porosities. 
The objective of the work is to estimate the importance of the capillary effect for the made 
tests. This capillary effect is modelled by the critical length whose expression was calculated 
in 1D and 2D. The obtained results show that this effect is important at the beginning of the 
injection and becomes unimportant for a fall of pressure of the order of 0.25 Bar. The used 
assembly and the chosen parameters of moulding allow to make reliable measurement of 
permeability. 
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ABSTRACT:  The current paper is composed of two parts. In the first part, we present 
the analytical and semi-analytical models to estimate mold filling time in Liquid 
Composite Molding processes. Their accuracy and efficiency are examined through a 
comparison with Control Volume / Finite Element simulations.  
In the second part, we propose an integrated optimization of structural performance and 
manufacturing cost. The simple models are incorporated into the optimization 
procedure to investigate the couplings between structural performance and 
manufacturing costs. By considering manufacturing at the early stage of product design, 
excessive manufacturing costs which sometimes arise for the best structural 
performance can be avoided. In order to be cost effective, different manufacturing 
routes need to be selected depending on part dimensions, loading conditions and design 
criteria.  
 
 
KEYWORDS: LCM (Liquid Composite Molding), Analytical model, Mold filling, 
Integrated optimization, Cost effective manufacturing  
 
 

INTRODUCTION 
 
LCM (Liquid Composite Molding) processes refers to composites manufacturing 
processes which employ liquid resin infiltration into a preform i.e. a dry fabric 
reinforcement put in the closed mold. LCM processes have been widely used in 
aeronautic industries, because of their advantages in terms of cost reduction, part 
integration and control of volatile problem. 
From the manufacturing point of view, the main issues are reducing cost (part of which 
is process cycle time) and eliminating defects such as dry spots and micro/macro voids 
in the finished article. Thus, predicting resin flow kinetics and pressure distribution in 
the mold is essential to optimize the process. There have been numerous studies on 
numerical simulation of mold filling [1]. On the one hand, numerical simulations 
accurately predict the resin flow kinetics at the expense of a heavy computational cost, 
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and even more so when the simulations are repeated to optimize the process. For 
example, computational cost is a burden when simulating resin infusion with high 
permeability layer because the resin flows through the thickness as well as in planar 
directions which require three dimensional meshes. On the other hand, closed form 
models, which typically make more assumptions but are computationally more efficient 
than numerical simulations, may be preferred for design if their inaccuracy does not 
invalidate the final solutions. This is the case for the optimization of injection gates and 
vents.  
From the viewpoint of design procedure, it has been a common practice to optimize 
process parameters only after the structural design is decided. In LCM processes, 
however, there exist strong couplings between mechanical performance and 
manufacturing. Fiber volume fraction and orientation are key parameters to structural 
performance such as stiffness and strength. On the other hand, they are also major 
factors influencing the preform permeability, a key parameter to productivity and 
manufacturability in LCM processes. Hence, this procedure, where the manufacturing is 
considered after the structural design is finalized, may require excessively high 
manufacturing cost or labor even if it may lead to the best structural performance. For 
example, it is acknowledged that up to 80% of the manufacturing cost of the structure is 
fixed once the preliminary structural configuration has been decided [2]. This dilemma 
calls for an optimization method that simultaneously considers structural performance 
and manufacturing cost. To investigate the couplings between mechanical performance 
and manufacturing and to consider many design solutions in the preliminary design 
stage, it is more efficient to use closed form models rather than numerical simulations.  
Besides, this optimization approach can provide a good guideline for optimal selection 
of manufacturing route. In fact, the criteria for process selection are numerous: the 
complexity of part geometry, the environmental regulation, industrial strategies, level of 
part quality (quantity of residual void) etc. Arguably, cost effectiveness and 
manufacturability are the primary criteria among them. The cost of composite structures 
is composed of material cost, labor cost and tooling cost. Generally, it is not an easy 
task to accurately predict the total manufacturing cost, since it is affected by many 
factors such as labor rate, machine rate, factory lay-out, batch size, etc. However, it is 
evident that the mold filling time plays a major role in process cycle time since the 
polymer curing time is usually fixed for a specific resin. Hence, mold filing time can be 
a metric for the cost-effectiveness of manufacturing process. In addition, it can be a 
guide to estimate the manufacturability to prevent premature gelation of resin.  
In the first part of this article, we present analytical and semi-analytical models for 
RTM, CRTM and LRI process. In the second part, using these models, a preliminary 
conceptual design is performed through simultaneous optimization of the structure and 
the process.  
 
 

SIMPLE MODELS FOR LCM PROCESSES 
 
Resin Transfer Molding 
 
In RTM processes, analytical solutions are easily derived for the specific mold 
geometries such as linear channel-like injection and radial injection. To deal with 
general shaped mold, a simple model was developed for resin transfer molds containing 
thin flat preforms with isotropic permeabilities [3]. The time required to fill the mold 
can be calculated by treating the resin flow inside the mold as partly radial and partly 
channel-like flow. This simple model for mold fill time of two dimensional resin 
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transfer molds with isotropic permeability can be applied to the preform with 
anisotropic permeability through the coordinate transformation [4].  
We consider complex mold geometry (0.23m × 0.14m) with a circular insert in Fig. 1.  
Using the simple model, we 
estimate the mold filling times 
for 4 different injection gates: 
single gate at A, B, C and 
simultaneous injection at three 
gates. The injection pressure is 
0.1MPa, and the injection gate 
radius is 1.5mm. The preform 
permeability is 10-10m2 and the 
resin viscosity is 0.1Pa s. The 
results are compared with those 
by numerical simulation by 
CV/FEM (Control Volume / 
Finite Element Method) [5]. 
Good agreements are observed 
even for the complex mold 
geometry with inserts (Fig.5).  

A

B 

C 

Fig. 1  Mold geometry for the validation of 
simple model for RTM 

 
Compression Resin Transfer 
Molding 
 
Saouab et al. proposed closed 
form solutions for CRTM 
processes [6]. In the present 
study, we consider separate 
injection and compression 
process: injection at constant 
pressure and compression at 
constant mold closing speed. 
For a linear flow condition (Fig. 
3), we can derive the closed form 
solutions for total mold filling time as a sum of injection time (tinj) and compression 
time (tcomp). 

0

50

100

150

200

250

300

350

A B C A,B,C

Injection gate

M
ol

d 
fil

lin
g 

tim
e 

[s
]

CV/FEM
Model

Fig. 2  Comparison of mold filling time in RTM 

( ) 442

1
1

2
1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −−
=

fo

fo

f

f

inj

f
inj V

V
V

V
KP

LV
t

μ
,   ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= 1

fo

f

c
comp V

V
U
Ht   (1) 

 

H 

L 

W 

Pinj
x 

y 

 Fig. 3  Mold geometry and dimensions 
 
We can see that the total mold filling time can be decided from Uc, mold closing speed, 
and the Vfo, fiber volume fraction at the moment when the injection ends and the 
compression begins. Mold closing speed is decided by the constraints of maximum 
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pressure in the mold and the total mold clamping force which is the sum of resin 
pressure and compaction pressure by preform deformation. Then, we can obtain the Vfo 
to minimize the mold filling time.  
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Liquid Resin Infusion 
 
A striking difference of LRI from conventional RTM process is the adoption of High 
Permeability Layer (HPL or High Permeability Medium, HPM) to facilities the resin 
flow and to reduce the infusion time. The resin flow in HPM leads much faster than in 
reinforcement, due to the big difference in permeability. This preferential flow in HPM 
induces the through thickness resin flow. Hence, a new approach is required considering 
cross flow. The mold filling process in LRI can be divided into 3 steps (Fig. 4). 

t=0 t=to t=tf t=tp

 Development of 
preferential 
flow in HPM 

HPM 

Preform 

 
Fig. 4  Mold filling process in LRI 
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Fig. 5 Flow kinetics in LRI (0<t<tf) 
 
Until the flow reaches the end of HPM (t=tf), it is assumed that the pressure distribution 
is linear at each layer (Fig. 5). From these pressure distributions, we can obtain average 

pressure of transverse flow from HPM to fiber preform 
2

21

1

LL
L
P

P inj
m

−
= .  

From Darcy’s law we can relate the resin pressure with flow rate. Considering mass 
conservation of each layer, we can describe the next governing equations. 
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Once the flow reaches the tip of HPM, the transverse flow from HPM to preform and 
the longitudinal flow in preform fill the remaining dry preform (Fig. 6).  
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Fig. 6  Flow kinetics in LRI (tf <t<tp) 

 
We adopt the assumption of linear pressure distribution again. Pm is the average 
pressure in the zone of (L-L2) and (h1+hF). From Darcy’s law, we can describe the 
relations of each flow rate. Taking into consideration the mass conservation of each 
zone, we can derive the governing equations. 
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We introduce an 
assumption that the 
unfilled zone (L-L2 
and h2-hF) of preform 
maintains the constant 
aspect ratio. These set 
of coupled PDEs can 
be solved by simple 
numerical integration 
scheme such as 
Runge-Kutta method. 
We present the 
comparison of the 
results by models and 
CV/FEM simulations 

in Tables 1~2 and Fig. 
7. 
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Even though it is not a closed form solution, the proposed model shows a much better 
numerical efficiency than numerical simulation. A CV/FEM simulation with 3507 
nodes and 6000 triangular elements takes 1897 seconds of CPU time with Pentium 4 
processor of 2.6GHz. With the same CPU, on the contrary, the simple model needs only 

Fig. 7  Comparison of mold filling time in LRI 
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1.2 second for one calculation (120 seconds for 100 calculations) using the time 
increasing step of 10-4 second in Runge-Kutta method. 

 
Table 1  Material properties for simple LRI model 

φ1 φ2 KT [m2] K2 [m2] μ [Pa s] h1 [m] L [m] Pinj [Pa] 
0.99 0.5 1.47×10-11 8.80×10-11 0.1 0.002 0.3 1.00×105

 
Table 2  Sample cases for preform permeability and thickness 

Case K1/K2 h2/h1
A 10 10 
B 100 5 
C 100 10 
D 10 5 

 
 

STRUCTURE-PROCESS COUPLED OPTIMIZATION IN LCM 
 
Integrated Optimization of Structural Performance and Manufacturing Process 
 
We suggest an integrated optimization method simultaneously considering structural 
performance and manufacturing process. The design objective is the minimization of 
structural weight. We assign structural and process constraints at the same time. As a 
structural constraint, the stiffness is considered to constrain the strain under the load. As 
process constraints, the mold filling time, the mold clamping force and the maximal 
pressure are treated.  
To achieve these purposes, four parameters are optimized: layer number, layer stacking 
sequence, final fiber volume fraction and final part thickness. Fiber orientation is 
selected from the pre-assigned angle set. In this work, we employ the 4 angle set 
composed of 0°, 45°, 90°, -45°. The layup of laminated plate is assumed to be 
symmetric. As the optimization scheme, we apply the genetic algorithm. To deal with 
the layer number variation, crossover and mutation operators are modified as in Park et 
al. [6]. Elastic moduli of composites can be obtained from the moduli of the constituents 
by the Halpin-Tsai equations. As a metric of the structural stiffness, we define the strain 
norm using classical lamination theory.  

( ) ( ) ⎥⎦
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⎡ −×++×= 2

21
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The permeability according to the fiber volume fraction variation is obtained using 
Kozeny-Carman equation. The anisotropic permeability tensor in each layer can be 
related to the principal permeabilities by tensor transformation equation. The gapwise 
averaged permeability model is applied to obtain the perform permeability composed of 
layers with different orientations, assuming that the in-plane permeabilities in principal 
directions are of the same order.  
 
Sample Problem 
 
As a design object, the rectangular plate under the flexural bending is regarded. The 
mold geometry and injection port location are illustrated in Fig. 3. We consider RTM, 
CRTM and LRI as a candidate for manufacturing route. The unidirectional carbon 
stitched mat (fiber density: 1.79g/cm3, areal weight: 152g/m2) is used as reinforcement. 
The in-plane permeabilities of mat are 10-9 m2 in fiber direction and 1.33×10-10 m2 in 
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transverse direction at the fiber volume fraction of 0.4, while the permeability in the 
thickness direction is 1.33×10-13 m2. For the sake of easy layup, four plies stacked in the 
same orientation make up one layer. The resin viscosity is 0.15Pa s. In RTM process, 
the injection pressure is maintained at 0.15MPa. In CRTM process, injection is 
performed under the constant pressure of 0.12MPa. Maximum allowable mold clamping 
force is 300kN and maximum allowable pressure is 0.15MPa. Mold closing speed 
should not exceed 1 mm/s. In LRI process, injection pressure is assumed to be 99.5kPa, 
the difference between atmospheric pressure (0.1MPa) and vacuum pressure (500Pa). 
HPM permeability is 10-8 m2 and its thickness is 1 mm. 
 
Results and Discussion 
 
For the various loading conditions and plate dimensions, optimal material 
configurations are obtained for each manufacturing process (Tables 3~4).  
 

Table 3  Results of structure-process coupled optimization 
(L=0.5m, W=0.5m, εc=0.001, tc=240s) 

Loading Optimal configuration 
Mx
[N] 

My
[N] 

Process Weight 
[g] Vf H 

[mm] 
Stacking sequence 

(symmetric layup, ⎮s) 
Layer 

number 
RTM 2962.38 0.4145 8.20 903 02 ⎮s 10 
CRTM 2898.55 0.4255 7.99 904 0 ⎮s 10 

0 103

LRI 2898.55 0.4255 7.99 904 0 ⎮s 10 
RTM 4340.88 0.4612 11.79 90 02 90 0 902 0⎮s 16 
CRTM 4197.28 0.5573 10.89 90 45 -45 06 ⎮s 18 

103 103

LRI 4432.10 0.4496 12.10 0 90 45 –45 90 03 ⎮s 16 
*Mx and My denote the moment per unit length 

 
Table 4  Results of structure-process coupled optimization 

(L=1.0m, W=0.5m, εc=0.001, tc=600s) 
Loading Optimal configuration 
Mx
[N] 

My
[N] 

Process Weight 
[g] Vf H 

[mm] 
Stacking sequence 

(symmetric layup, ⎮s) 
Layer 

number
RTM 6166.75 0.3951 8.61 903 02 ⎮s 10 
CRTM 5924.75 0.4145 8.20 903 02 ⎮s 10 

0 103

LRI 5797.11 0.4255 7.79 904 0⎮s 10 
RTM 8780.60 0.4549 11.96 90 02 90 04 ⎮s 16 
CRTM 8681.87 0.4612 11.80 0 902 0 90 03 ⎮s 16 

103 103

LRI 8684.37 0.4611 11.80 90 0 45 -45 0 -45 45 0⎮s 16 
 

We can see that optimal material configuration changes according to the manufacturing 
route as well as the loading conditions, the design constraints and the plate dimensions. 
Cost-effectiveness of each process can be investigated with the optimization results 
referring to the material cost and the batch size. For example, CRTM process results in 
lighter structure than LRI process does under the same design constraints, in some case 
(e.g. Mx=1000N, My=1000N, L=0.5m, W=0.5m). However, CRTM process needs more 
fiber mats (18) than LRI does (16) for each product. Furthermore, the total 
manufacturing cost also depends on the batch size. Since the equipment and tooling cost 
per product is critical, LRI may be better in terms of manufacturing cost, for the low 
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production number. On the other hand, the equipment and tooling cost goes marginal, as 
the production number increases. Otherwise, we can assign different mold filling time 
constraints with the aid of more exact model for the total manufacturing cost evaluation. 
 
 

CONCLUSIONS 
 
Analytical and semi-analytical models have been proposed for Liquid Composite 
Moldings: Resin Transfer Molding, Compression Resin Transfer Molding and Liquid 
Resin Infusion. They are not only numerically efficient but also accurate enough to be 
applied in a global optimization procedure. The semi-analytical LCM models have been 
applied to the integrated optimization of structural performance and manufacturing 
process. In the preliminary design stage, this approach provides a good guideline to 
predict the cost-effectiveness of each process for given design criteria, structural size 
and loading conditions. 
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ABSTRACT: The infusion process has been developed to be a cost-effective technique for 
the fabrication of large and complex composite structures [1]. Thus, this process has been 
identified as an alternative to the RTM (Resin Transfer Moulding) as well as the conventional 
autoclave prepreg technique [2]. 
In the infusion process, it is important to predict resin infusion time and final thickness of the 
part according to the process condition such as compaction pressure and resin temperature. 
Hence, in the present study, we propose a numerical model to simulate the resin infusion 
through the fibre preform and to predict the resin infusion time. A validation of the numerical 
resin infusion model is made through the comparison between experimental and numerical 
results, and a good agreement is observed. Based on this model, a numerical code has been 
developed to calculate resin infused height for various values of compaction pressure and 
resin temperature. 
In the parametric study, the influence of compaction pressure on the final height of the part is 
investigated. The infusion time is also studied for the various process conditions. 
 
KEYWORDS: Infusion Process, Hydro-Mechanical Coupling, Infusion Height Percentage, 
Resin Infusion Time. 
 
 

INTRODUCTION 
 
The large composite parts are increasingly used particularly in aeronautic industry. The LCM 
(Liquid Composites Molding) processes are being employed to manufacture high quality and 
complex-shaped fibre reinforced polymeric composite parts. We can classify them into two 
groups: the injection by resin transfer (RTM & derivatives) and the infusion by resin 
infiltration (Infusion & derivatives). In infusion processes, dry textile preforms are infiltrated 
by semi-cured resin (Fig. 1) and the resin is consolidated and cured in a single step, 
eliminating the labour to lay-up of prepreg tapes. 
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             Fig. 1  Resin infusion process setup. 

 
Several investigators have studied and proposed models for the RFI (Resin Film Infusion) 
process used in composites manufacturing. Resin flow through the dry fibres is 
conventionally modelled as an unsaturated flow through porous media, where Darcy's law is 
employed. The determination of the exact location of the flow front is an important issue in 
the analysis. When high pressure gradients are applied, it is necessary to treat the fibre layers 
as deformable. A study on this fluid-structure interaction problem has been performed by 
Ambrosi and Preziosi [3]. Another important issue is the elimination of entrapped air since 
the presence of voids can significantly degenerate the quality of the composites. A 
mathematical model of void formation during the RFI process has been developed by 
Sevostianov et al [4]. In a paper of Blest et al. [5], the modelling and simulation of resin flow, 
heat transfer and the curing of multilayer thermoset composites by the resin film infusion 
process has been treated. Loos and MacRae [6] have developed an analytical model for two-
dimensional resin film infusion process, which can be used to simulate non-isothermal 
infiltration of a hot-melt resin into a textile preform of complex shape. A non-isothermal RFI 
process for stitched stiffened panels was numerically modelled by Han et al [7]. The 
performance of the stitched stiffened panels under compressive loading has been compared 
with that of the unstitched stiffened panels. Recently, an analytical formulation of governing 
equations for flow of incompressible fluid through compacting porous media and their 
application to vacuum infusion of composite materials was made by Correia et al [8].  
The objective of this work is to develop and to verify a comprehensive numerical model for 
the simulation of the infusion processes, and for the prediction of the final thickness and the 
resin infusion time. Particularly, the fibre reinforcement is considered as deformable and the 
resin infiltration is held through the thickness of the preform.  
 

ANALYSIS OF INFUSION PROCESSES 
 

We propose a set of governing equations modified to consider the preform deformation and 
the resin infiltration at the same time. Then a numerical formulation is employed with the 
models for the material properties (such as preform and resin).   
 
Governing equations 
 
Hydrological flow in consolidating soil was initially discussed by Biot in 1941 [9]. These 
theories have been adapted to composites manufacturing by Gebart [10], Gutowski [11, 12]. 
The basis of all models is the continuity equation (eq. 1), where q is the relative velocity, 

the fibre volume fraction and  the solid velocity. The resin flow through the fibre 
system is a typical example of flow through a porous media, which, on the macroscopic scale, 
is well described by the Darcy’s law (eq. 2) [13] relating linearly the fluid velocity q to the 
pressure gradient  by the resin viscosity µ and the permeability of porous medium. 

fV siu

p∇ zK
As presented in table 1, we represent the whole formulations corresponding to the modelling 
of Hydro-Mechanical (HM) coupling applied to the infusion process.  
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Table 1  Equations for the HM coupling analysis 

 
Equations Dependent variables 

Mass balance   (eq. 1) 
⎟⎟
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⎞
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⎝
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∂
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q 1  
 

fVq,  

 

Darcy’s law  (eq. 2) q
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p
fz )(

µ
−=∇       

 
p  

Force balance   (eq. 3) 0' =∇−⋅∇ pzσ       '
zσ  

Constraint-Fibre volume 
fraction relation (eq. 4) 

             )('
fzz VC=σ None 

total : 4 equations 4 variables (scalars) 
 
Experimental device for Hydro-Mechanical coupling  
 
In infusion processes, the fibre volume fraction can change dynamically as the applied 
pressure is re-distributed between the resin and the preform. Hence, it is important to model 
the compaction of the fabric and its relation with the fibre volume fraction as a function of the 
applied pressure. In addition, the permeability of fabric depends on the fibre volume fraction. 
Thus, it is also of significance to model the relationship between the permeability and fibre 
volume fraction.  
An experimental device with hydro-mechanical coupling HMz was developed [14] and used 
to obtain and the permeability ( ) and the compressibility of perform 

( ).  

06,313.10.2 −−= fz VK
5'54'43'2'' .10.71,3.10.3,9.009,0.045,0.123,0483,0 zzzzzfV σσσσσ −− +−+−+=

 
Numerical formulation 
 
The numerical algorithm used in this study is based on a one dimensional discretization of the 
governing equation by the finite difference method with a moving boundary flow front. The 
pressure and the saturation values are calculated at the nodes. The fibre volume fraction and 
the permeability are computed and assigned to each element. The combination of equations 
(1) and (2), gives the following governing equation, expressed in the 1D form: 
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 (5) 

where  is solid velocity (fibre velocity) in transverse direction. f
kv

The term )1( f
k

f

f

v
z

V
V ∂

∂ in RHS of the equation (5) represents the relaxation or the 

compression of the wet fibres. To deal with it, the initial grid of the field is deformed in such 
a manner to take into account the relieving or the compression of the porous environment [15, 
16] during the calculation. This assumption simplifies the governing equation (5) to: 
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 (6) 

301



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE -  11 – 13 July 2006 

 
NUMERICAL SIMULATION (Validation & Parametric study) 

 
Firstly, a validation of the numerical resin infusion model is made through the comparison 
between experimental and numerical results. Then, we perform a parametric study to 
investigate the influence of processing conditions on the final part thickness and the resin 
infusion time. 
 
Experimental validation of the numerical infusion model 
 
A numerical validation of the infusion model has been made by an inverse method in Ouahbi 
et al [17]. The experimental device with the hydro-mechanical coupling HMz is used to 
validate the resin infusion model. The analyses are performed for two cases of boundary 
conditions:   
- imposed displacement (according to the pre-assigned compaction velocity)  
- imposed compaction pressure ( zσ ) 
The flow can be controlled in injection, with imposed resin pressure ( ) or with imposed 
resin flow-rate ( ). In this work, the fibrous reinforcement is placed between the two grids 
of the experimental device (HMz) and the flow is controlled with imposed flow-rate 
( ).  Once the steady state is reached, the displacement or the compaction 
pressure of the experimental device is imposed. 

iP

iQ

smQ /10.7,1 36
0

−=

 
Imposed displacement 
 
The results for compaction pressures by numerical calculation and experimental measurement 
are compared with each other in the case of imposed displacement, and a good agreement is 
shown in fig. 2. 
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Fig. 2  Comparison of the compaction pressures by numerical calculation and experimental 

measurement along the time evolution. 
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Imposed compaction pressure 
 
In this case, we impose a ramp rate of compaction pressure (1kN/min) up to 6 bars and then 
this compaction pressure is maintained. The comparison between experimental and numerical 
results for the part height evolution according to time is shown in Fig. 3. 
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Fig. 3  Comparison of the part heights by  numerical calculation and experimental 

measurement along the time evolution. 
 
Numerical results and parametric study 
 
The numerical prediction for resin infusion process is performed for an initial fibre volume 
fraction of 40%. The resin temperature is 90°C, the viscosity variation in function of 
temperature is treated as same way as in [1]. Five different compaction pressures of 1, 2, 3, 4 
and 5 ( Pa) are considered. As can be seen in Fig. 4, the infusion height, as expressed in 
percentage, increases in the course of time. 
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Fig. 4  The time-dependent evolution of the infusion height percentage  

for different pressure compactions. 
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Given an initial fibre volume fraction of 40% and a fixed compaction pressure of 200 kPa, 
four different resin temperatures of 80, 90, 100 and 110 °C are considered (Fig. 5). As can be 
expected, higher temperature leads to a faster infusion at the beginning of mould filling. 
However, it also results in a faster curing of resin and the total infusion height was not 
reached. Lower resin temperature resulted in longer infusion time, but the resin cure reaction 
is also delayed. As a result, the total infusion height is attained. 
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Fig. 5  The time-dependent evolution of the infusion height percentage  

for different resin temperatures. 
 

The ratio between the initial and the final height of the part in function of compaction 
pressure was presented in Fig. 6. We also illustrate the relation of the final fibre volume 
fraction versus compaction pressure. 
The final volume fraction of the part increases with the increase in compaction pressure.  
 

3 4 5 6
43,6

44,0

44,4

44,8

45,2

45,6

46,0

 Ratio heights percentage
 Fibre volume fraction

Compaction pressure (105 Pa)

ra
tio

 b
et

w
ee

n 
in

iti
al

 a
nd

 fi
na

l h
ei

gh
ts

 (%
)

52

53

54

55

56

57

Fi
br

e 
vo

lu
m

e 
fra

ct
io

n 
V f (

%
)

 
Fig. 6  Representation of the final fibre volume fraction in function  

of the compaction pressure. 
 

In Fig. 7, a representation of the infusion time in function of the compaction pressure is 
provided. The infusion time is the time necessary for the resin to completely infuse the part, 
and it does not include the cure time. 
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Fig. 7  Representation of the time infusion in function of the compaction pressure. 

 
As seen in Fig.7, the infusion time decreases according to the increase in compaction 
pressure. Hence, this information can be used to determine the compaction pressure necessary 
for a total process cycle time to be achieved. 

 
CONCLUSIONS 

 
A numerical modelling of infusion process considering hydro-mechanical coupling and 
perform deformation was made. An experimental validation of the numerical resin infusion 
model was made by an experimental device with hydro-mechanical coupling HMz. A 
comparison between experimental and numerical results was made, and we obtained a good 
agreement. The infusion height was investigated for different compaction pressures and resin 
temperatures. The simulation can also be used to predict the resin infusion time and the final 
fibre volume fraction. 
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ABSTRACT: The Resin Transfer Moulding (RTM) process is a technology to produce fibre 
reinforced parts: fibres are placed in a mould and resin is injected into the closed mould, 
impregnating the fibres. After curing the resin the part will have more or less its final shape. 
In order to reduce the costs and time of engineering, a lot of work has been done to simulate 
this process. The equation most often used for simulating this process is Darcy’s Law. 
The simulation programs based on Darcy’s Law are often using a finite element / control 
volume approach. This technique can be applied to nearly every kind of geometry with 
accurate results in a convenient time, but it requires the user to have experience in the RTM-
process in order not to do too many simulation experiments by trial and error while trying to 
optimise the process parameters. In this publication a fast solution method is presented for 
modelling the RTM-process using simplified geometries, which is often applicable in 
manufacturing of RTM-parts. The resulting numerical technique is based on the theory for 
ordinary differential equations. It can be used for predicting the best injection zones due to 
time and dry spots caused by entrapped air as a result of flow fronts which are getting into 
contact without control. 
 
 
KEYWORDS: RTM, analytical modelling, numerical analysis 
 
 

INTRODUCTION 
 
 

Fibre composites offer the opportunity to do light weight construction. Due to their 
anisotropic mechanical behavior it is possible to save up to 30% of the weight compared to 
metallic parts with the same properties. Some fields of applications are the automotive, 
nautive, aircraft and sports industry. 
Another advantage is that complex shaped parts can be created with only a small amount of 
waste material. Several techniques to produce fibre reinforced parts [4] exist. 
The Resin Transfer Molding (RTM) is one technique to produce fibre reinforced parts [4,6,9]. 
Dry fibres are inserted into a mould, resin is injected and after curing the final part can be 
demolded. The challenge of this technique is to 

• inject the resin without remaining dry spots, meaning unimpregnated fibres, 
• predict the appearing mold pressure to do a cost effective mold construction, 
• reduce residual stresses due to shrinkage of the curing resin. 

Those difficulties are caused by the design concept of the parts: the anisotropic property of 
the fibres causes a complex flow behavior. Simulation tools for simplifying the design 
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process were developed [1,15]. In many cases a discrepancy between reality and experiment 
has been observed. In order to improve accuracy of the flow simulation there are several 
proposals to refine the modelling of the process [2,7,11,13]. 
The design process consists of several stages. First, the main idea has to be developed, after 
that the design is getting more and more detailed. While simulation is getting present in all 
construction stages, it would be helpful to see possible difficulties concerning the flow 
behavior in the early stage of the design. The usual way to do RTM simulation is to create a 
mesh from a given CAD-File, import it into the RTM software and apply process and material 
parameters. But during the design process often there are no valid geometries or some 
detailing ideas are missing, so that creating pre-final parts would increase the time of 
engineering. 
In this paper a solution is presented to do RTM simulation mesh free. It can be applied in an 
early stage of the construction process by selecting “important” points. The formulation can 
be done with ordinary differential equations. The accuracy is of course lower than within the 
usual RTM-simulation, but due to the high performance, several possibilities for application 
are opened: 

• automatic injection port and vent location proposals, 
• cost and process analysis for feasability studies, 
• automisation and real time control of the process, 
• rough estimation of the rheological behavior taking into account the influence on void 

content. 
 
 

THEORY OF THE FAST SOLUTION ALGORITHM 
 
 
Governing Equations 
 
The stationary flow through porous media is often modelled by Darcy’s Law [1-15]:  

)( pgradKv
µ

−=           (1) 

where  is the volume averaged velocity, v K  the permeability tensor, µ  the resin viscosity 
and p the fluid pressure. If ρ  describes the density of the resin, the continuity equation can be 
written as [11] 

0)( =+
∂
∂ vdiv

t
ρρ           (2) 

It is often assumed that the flow is at steady state [15], meaning that the time derivative is 
neglected, and the fluid is incompressible so that Eqn. 2 can be simplified. Using Darcy’s 
Law in Eqn. 2, the resulting equation is 

0))(( =pgradKdiv
µ

           (3) 

This is an elliptic partial differential equation describing the pressure field of the impregnated 
region of the RTM process at one time step. 
 
Fast Solution Algorithm 
 
For a one dimensional problem, the solution for Eqn. 3 can be written as 

1
12)( Px

L
PPxP +

−
=          (4) 
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where  is the pressure at the injection port,  the pressure at the vent and because of the 
low viscosity of the air it can be assumed that it is also the pressure of the flow front.  is the 
infiltrated length and  the position within the wet fibres. 

1P 2P
L

],0[ Lx ∈
For higher dimensional problems the solution is depending on the shape of the part. One 
possibility to solve this problem is by using the Finite Element Method (FEM). The advance 
of the flow front from timestep to timestep is often done by a so called Control Volume 
Method (CV). This technique is used by several authors [1,15] to simulate the process. With 
the combination of heat equation and curing those programs lead to a powerful tool for 
designing the processes. With special tools it can even be used for optimizing the process 
parameters [3,5,14]. 
When new parts are designed it is also required to fulfill the conditions of the production. 
With simulation it is possible to influence the design process before the first experiments are 
made. The fast solution algorithm offers the opportunity to investigate the flow behavior even 
without a final shape. It deals with one dimensional domains describing the flow and the 
geometry approximately. This is done by a set of nodes connected by one dimensional 
domains. 
The node  of  nodes is given. From this nodes flow  of fluid to the nodes 

 are given. Because of the incompressibility of the resin, the remaining fluid  
in node  is zero, meaning: 
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Because of the 1D-geometry of the domains, it can be assumed 
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with  the velocity of the flow front in the domain leading from node i  to node ijv j , is the 
volume flux through cross section ,  the permeability and  the length. With these 
definitions the pressure inside the domains can be calculated with 
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Taking into account that  is varying with domains which are partially filled, this can be 
used for calculating the progress of the flow front in the second step with Eqn.1. The theory 
needed for solving these equations is the theory about ordinary differential equations. For this 
kind of equations several numerical solvers are available [16]. 

ijL

 
 

APPLICATIONS 
 
 

Prediction of Filling Time 
 
With the fast solution algorithm it is possible to do rough simulations in fractions of a second. 
As an example a steering wheel is presented showing the quality of the algorithm. 
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Figure 1: The complex model on the left can be simplified to a model which can be handled 
by the fast solution method. 

 
A torus with 20mm radius and a diameter of 150mm is connected with a cross shaped 
structure having a cross section area of 0.01 × 0.001m2. In the center there is a sphere with a 
diameter of 40mm. This geometry is transferred to a one dimensional geometry as sketched in 
fig. 1. In the simulation an information about the area of their cross section of the lines is 
saved, so that the volume based formulation can be applied. The permeability is set to 10−11 

m2 for all lines and the viscosity is set to 0.1 mPas. The errors of calculation are expected to 
be at the sphere in the center and the connections at the outer ends of the crosses. 
A simulation with PAM-RTM has been done leading to a simulated filling time of 356.000s. 
Using the fast solution algorithm, it leads to a simulated filling time of 335.100s which is an 
error of 5.8%. Using a simple step control technique to reduce the calculation time, the result 
was 357.472s which is an error of 0.4%.  
This improvement is not caused by errors during the stepping process; it is just caused by the 
rough stop criterion which is cancelling the iteration process of reaching a filling factor of 
exactly one for every line after a few iterations. 
In a second step, a similar geometry is used again: The cross in the middle has a bigger cross 
section: 0.02 × 0.02m2. The objective of this modification was to see a better result compared 
to the simulation in PAM-RTM because the relative part of a non 1D flow should be reduced. 
The filling time simulated with PAM-RTM is 11.364s. With the original shape and the fast 
solution algorithm it is 10155s, so resulting in an error of 11.9%. Using stepping techniques it 
is 10760s, so the error is reduced to 5.6%. This error is higher than in the first experiment. 
The reason for that behaviour has to be investigated in detail. 
 
Proposals of Injection Points and Vent Locations 
 
With the fast solution algorithm it is possible to predict the flow behaviour in the part as 
function of the injection position. Using the part in fig. 1 the injection positions are varied on 
the different connections between the main points. Due to the symmetric nature of the part, it 
has been done on line 1 and line 2. The results of the part with the thin cross are presented in 
the upper row of fig 2. The position of the injection port is simulated at 100 positions between 
the prior injection port having the relative position of zero and the connection of the torus and 
the cross with a relative position of one. The lines should be smooth but the filling time is 
dependent on the stop criterion.  
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Figure 2: Results of the Filling Times when the injection port location is moving on Line 1 
(left) and Line 2(right). The upper row represents the results for the thin cross. 
 
It can be seen that the best injection port position on line 1 is at the relative position one 
which is equal to the main point 2 and the worst is close to the relative position of 1/3. The 
times differ with factor of about 35. Varying the position on line 2, the results are symmetric 
to the middle of the line. Here also 100 simulations have been done with the result that again 
the connection points of torus and cross is the best position. 
Comparing these results with those of PAM-RTM it is shown again that the times are 
underestimated. The basic shape of the injection times can be seen. The accuracy of the filling 
times especially in the case of varying the injection port location on line two is low (relative 
error: about 80%). This is due to the missing model of the sphere in the middle. The time 
required to fill this sphere is approximately 4000 seconds. Subtracting that time the error is 
about 20%. 
The results of the five 3D simulations with about 35000 elements were achieved after 4 hours. 
The results of the 200 one dimensional simulations were achieved after 2 minutes. 
The simulation of the steering wheel with the thick cross was showing more accuracy while 
varying the injection point position: as it can be seen in the lower row of fig. 2 the relative 
error does not exceed 15% and the basic shape of the simulations run in PAM-RTM could 
also be reproduced. 
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LIMITATIONS 

 
 
Due to the modelling with 1D-geometries the applicability of the fast solution method is 
limited. Some topics which cannot be represented should be explained. 
 
VARI  
 
One of the further developments of RTM is the Vacuum Assisted Resin Infusion (VARI). In 
this process, one part of the mould if substituted by a foil. Instead of using pressure to inject 
the resin into the mould, the resin is infused by applying vacuum at the outlet. 
When this process is modelled, the deflection of the preform due to the lower compaction 
pressure because of the pressurized resin has to be taken into account. The pressure is a local 
variable influencing the permeability and so the solution on the whole domain. It seems 
possible to model such a behaviour with the volume based formulation, but the authors 
assume that the number of nodes have to be increased and in this case the advantage 
compared to FE/CV-techniques is decreased a lot. 
 
2D and 3D flows of a general Shape 
 
Describing multidimensional flows with the fast solution algorithm requires implementing 
handling rules. For general flow fronts this would decrease the computational performance. 
For the case of radial or elliptical flow fronts which are for example present in cone shaped 
parts, the volume flux equation can also be written in the shape like Eqn. (7). As an example 
the solution for Eqn. (3) in case of a point injection into an isotropic media is 
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In Eqn. (8) are the radiuses of the injection point and the flow front. When this 
expression is deviated and used it in Eqn. (7), the standard form can be received: 
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Heat Conduction and Resin Cure  
 
The temperature is a local variable often depending on position and time. A one dimensional 
formulation is often not accurate. The resulting temperature depends on the material 
properties, having an influence on the curing of the resin. This leads to the same problem as it 
is described in section for VARI. The fast solution algorithm can be used for isothermal 
processes or for checking the possible limits of the parameters used in a detailed model. So it 
can support a decision if a simulation with heat conductivity is necessary. 
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POSSIBLE FUTURE APPLICATIONS 
 
 

It has been shown that the described procedure can reproduce the behavior of the filling 
times. In general it cannot produce results with the accuracy of the standard FE/CV codes, but 
it support the user finding strategies for a given process. 
 
Cost analysis for feasability Studies 
 
In a cost analysis process the filling time is an important parameter for the feasibility of a 
process. The filling time has an influence on the number of parts which can be produced, so 
also for the number of tools which have to be ordered. It also has an influence on the curing 
behavior which can be estimated in advance for selecting special resins. 
 
Automation and Real Time Control of the Process 
 
Uncontrolled flow can decrease the sucess rates of RTM-parts [3]. The control of processes 
often requires transient formulations and reference functions. In general, an exact model of 
the process is not required because the actuator should be changed in every time step. Due to 
the fast solution got, it is possible to calculate flow front information quickly. This can be 
used for opening vents and injection ports to influence the flow. 
 
Rough estimation of the rheologic Behavior 
 
Void contents decrease the mechanical performance of fibre reinforced parts. Several authors 
indicated that the balance of capillary number and permeability has an influence on the void 
content [10,12]. In conclusion to that some authors found out that the void content is 
dependant on the direction of impregnation [11]. 
There are already models existing handling formation of void contents. At our institute 
similar models were also developed, showing that the amount of macro and micro void 
content is dependent on the velocity of the flow front. The detection of regions containing 
voids is dependent on the size of the elements. With the fast solution algorithm and parameter 
studies at simple parts it is possible to propose a mesh sizing so that a proper mesh can be 
built. 
 
 

CONCLUSION 
 
 

A fast solution algorithm has been developed. It is a volume based formulation and it can be 
used for one dimensional flows. The applicability has been shown at a complex part. A 
general applicability is not yet given. The future work is to generalize the model without a 
loss of performance. The limits of applicability have to be formulated, so that standard 
applications have decision rules of applicability. 
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ABSTRACT:  Liquid Composite Molding (LCM) processes are now a prevalent group of 
manufacturing methods for advanced composite materials.  They offer many advantages over 
more traditional manufacturing methods, such as the ability to deal with large and complex 
shapes.  Numerical simulations can lead to better predictions of process parameters.  The 
standard procedure for the simulation of these processes is to use a Control Volume (CV) 
method.  One problem with the CV method is that resin mass is not conserved on an element 
level, and this has consequences for accuracy.  An attractive alternative to the CV method is 
to use a single grid of non-conforming finite elements.  Such non-conforming elements 
encompass essential mass conservation properties.  In this study it is shown how the standard 
non-conforming triangular element can be adjusted to ensure mass conservation on the 
element level and to ensure continuity of the fluid flux across inter-element boundaries.  
Numerical experiments are carried out which show that single grids of such elements, and 
nonconforming quadrilateral elements, produce accurate results in the case of the Injection 
Compression Molding process. 
 
KEYWORDS: Simulation, Finite Element Method, Control Volumes, Injection/Compression 
Molding, Conservation of mass, Nonconforming elements 
 
 

INTRODUCTION 
 
Liquid Composite Molding (LCM) is a family of advanced composite materials 
manufacturing processes, including Resin Transfer Molding (RTM), Injection Compression 
Molding (I/CM) and Vacuum Assisted Resin Transfer Molding (VARTM).  In these 
processes, a fibrous material is laid out in a mould, compacted under pressure, impregnated 
with a polymer resin and finally allowed to cure.  In RTM, rigid molds are used to compact 
the fibrous material to its final thickness before resin injection.  In I/CM, the upper mold is 
brought down with velocity- or force-control but not to the part’s final thickness; this allows 
for ease of resin flow during injection and the final compaction to the final thickness helps 
drive the injected fluid through the part.  In VARTM, a flexible bag covers one side of the 
part and vacuum pressure drives the fluid through the fibrous material.  The LCM processes 
offer many advantages over more traditional manufacturing methods, such as the ability to 
deal with large and complex shapes and the reduction in exposure to harmful emissions. 
 
Mathematical models and numerical simulations of the LCM manufacturing processes can 
lead to better predictions of flow paths, mould filling times, required mould forces, preform 
final thicknesses and of the optimal positioning of injection ports and vents.   
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The governing equation for the injection phase of these processes is derived from the 
conservation of mass of both the fluid and solid phase: 
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where h is the thickness of the component, p is the fluid pressure, K is the permeability tensor 
and µ  is the fluid viscosity.  If thickness gradients are small enough to be  neglected, then 
Eqn. 1 reduces to 
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where .  In RTM applications, .  In I/CM applications with rigid moulds, h  
will be constant throughout the part – it will be a known of the problem in velocity controlled 
compression, an unknown in the case of a force/pressure driven compression.  In flexible 
mould / vacuum-bag processes,  will in general vary and be an unknown of the problem. 

dtdhh /=& 0=h& &

h&
 
Inherent in Eqn. 2 is the conservation of (fluid) mass relation 
 

h
h&

−=⋅∇ q ,        (3) 

 
where q is the Darcy velocity, with vq φ= , and φ  is the porosity, v being the fluid velocity, 
and Darcy’s law for fluid flow, 
 

p∇−=
µ
Kq         (4) 

 
The standard procedure for the numerical solution of  Eqn. 1 (or 2) is to use a Control Volume 
method, whereby one grid of elements is used to evaluate fluid pressures, for example using 
the Galerkin Finite Element Method.  A second grid (of control volumes) is then used to 
advance the fluid over some time interval.  This ensures that fluid fluxes (pressure gradients) 
are evaluated within elements, and possible discontinuous pressure gradients at element 
boundaries are avoided.  A large number of simulations have been carried out using this 
method, for RTM, I/CM, and flexible-bag processes, e.g. [1,2]. 
 
One problem with the Control Volume method, when used to simulate processes for which 
the Darcy velocity field is not divergence-free, for example I/CM and VARTM, is that resin 
mass is often not conserved on an element level, and this has consequences for the accuracy 
of the method.  For example, for a linearly (P1) interpolated pressure , the FEM solution 
for q within any given element, , is, from Eqn. 4, 

FEp

FEq
 

FEFE pK
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a constant.  Thus , and, from Eqn. 3, mass is not conserved within the element.  
Note that, in an RTM simulation (with constant permeability/thickness), where , mass is 
conserved and this is not an issue.  

0=⋅∇ FEq
0=h&

 
Another approach is to use the so-called mixed methods, which yield a more accurate velocity 
and a locally conservative fluid mass.  Here, both Eqns. 3 and 4 are discretised and a solution 
for both p and q is sought simultaneously, on either a single grid or on overlapping grids.  The 
commonest scheme is to take p constant and q to vary linearly over an element/volume.  The 
velocity obtained is more accurate than that using the standard Galerkin FEM with the CV 
scheme, but the mixed methods are computationally much more expensive. 
 
An attractive alternative to these approaches is to use a single grid of finite elements.  When 
non-conforming elements are used, essential mass conservation properties are encompassed.  
These elements are discussed in the next section. 
 
 

ELEMENTS WITH CONSERVED MASS 
 
Nonconforming (and conforming) P1 elements have been used to simulates I/CM processes 
(e.g. [3]) and have been shown to perform well.  The performance of conforming and 
nonconforming P1 elements in IC/M and VARTM processes can be improved using a device 
introduced by Chou and Tang [4].  Here, the flux q is first approximated over an element E by 
the linear function , using a Taylor series expansion about the barycentre  of the 
element,  
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Assuming that  varies over the element according to aq
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The conservation of mass requirement is then 
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where  is the area of the element and ∆
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so that  is the average of f over the element, or, equivalently, Ef Ea f=⋅∇ q .  Thus 
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Assuming one has first computed the flux  using the standard Galerkin FEM, as in (5), 
one has 
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The second term on the right here is the correction to the FEM solution which ensures 
conservation of mass.  It depends only on the instantaneous value of  and the element 
geometry, and so is the same for both conforming and non-conforming elements of the same 
geometry. 

hh /&

 
Continuity of Flux across Nonconforming Element Boundaries 

 
Although the formulation described above ensures that mass is conserved over an element, 
there is no guarantee that the flux obtained is continuous across element boundaries.  For the 
case of nonconforming linear triangular elements, the continuity of flux across element 
boundaries can be guaranteed by writing 
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where  is a small constant correction term [4].  It can be shown that EC
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where  are the barycentre coordinates, ),( BB yx ∆  is the area of the element, ( ii yx , )  are the 
coordinates of the vertices of the element, and  are the three non-conforming element 

shape functions.  Since ∫ , this implies that so long as  is constant along the 

mould, which is often the case in practice,  is zero and the flux is continuous, otherwise 
the correction term needs to be included.  It was shown in some recent work [5] that a regular 
grid of right-sided elements,  is zero also for the case of linearly varying . 
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NONCONFORMING QUADRILATERAL ELEMENTS 

 
Much research has been carried out recently into finite element analysis with non-conforming 
elements, in particular with quadrilateral elements, e.g. [6] (see [7]).  This allows for a more 
powerful general meshing of moulds, using arbitrary arrangements of triangular and/or 
quadrilateral non-conforming elements. 
 
As an illustrative example, consider the following simple problem: a square-shaped mould of 
length l and width w contains a uniform fibrous material initially filled with resin to 1lw× .  
The upper mould is brought down at a constant velocity.  The following data is used (the 
subscript “1” denotes values at the start of the simulation): 
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The Carman-Kozeny relation was used to relate permeability to volume fraction (thickness): 
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The problem was solved in six different ways, using piecewise linear triangular elements and 
quadrilateral elements: 
 

T1: triangle, single grid, conforming elements (with mass conservation) 
T2: triangle, single grid, non-conforming elements (with mass conservation) 
T3: triangle, control volumes 
Q1: quadrilateral, single grid, conforming elements 
Q2: quadrilateral, single grid, non-conforming elements 
Q3: quadrilateral, control volumes 

 
The interpolation functions used for the case Q2 are given in the Appendix.  Results for the 
fill-time were compared with the exact solution 
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and are shown in Fig. 1. The plot of percentage error against number of degrees of freedom 
(nodes) shows that the nonconforming triangular element with the mass conservation 
correction term performs well.  Also, the non-conforming quadrilateral element performs 
satisfactorily when compared with the control volume method. 
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Fig. 1  % Error of IC/M flat-plate filling using different elements 
 
 

CONCLUSIONS 
 
In this study, the governing equations of LCM were solved using a number of different 
variants of the Finite Element Method.  In particular, solutions were obtained using single-
grid schemes with and without mass conservation, and with the standard CV method, 
involving triangular and quadrilateral elements.  Numerical experiments were conducted to 
gauge the accuracy of the various schemes against standard solutions.  It was demonstrated 
that triangular non-conforming elements with a mass-conservation correction term perform 
well in I/CM simulations, as do nonconforming quadrilateral elements, showing that simple 
single-grid meshes can be used productively for LCM simulations. 
 
 

APPENDIX 
 
The standard bilinear (conforming) Q4 element has as span { }xyyx ,,,1 .  This span cannot be 
used for a nonconforming element since it cannot generate interpolation functions which are 
zero or 1 at the element mid-sides.  Rotating a rectangle by 45 degrees, or equivalently, using 
the span { }22,,,1 yxyx −  allows one to generate the interpolation functions.  This can be 
amended to { }4

3
524

3
52 ,,,,1 yyxxyx −−  for greater accuracy [8].  This leads to the shape 

functions, in terms of natural coordinates ( )ηξ , , such that the four nodes of each element are 
located at ( ) ( 1,1, )±±=ηξ , 
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ABSTRACT 
 
Liquid Composite Molding (LCM) is increasingly used in industry to manufacture high 
performance composites. This technology encompasses a family of composite manufacturing 
processes that consist of injecting a resin through a fibrous reinforcement. The latter can be 
placed in a rigid closed mold (Resin Transfer Molding – RTM) or covered by a flexible 
membrane (Vacuum Assisted Resin Infusion - VARI). In order to accelerate the resin flow, the 
mold cover can also be moved to compress the reinforcement (Compression Resin Transfer 
Molding – CRTM and Articulated Compression Resin Transfer Molding – ACRTM). The 
present effort focuses on ACRTM and emphasizes the main advantages of the technique. 
Unlike CRTM where the mold cover is usually made of a single part, ACRTM can be 
considered as a generalized version, in which the mold cover contains several pieces that can 
be articulated separately. Once enough resin is injected, each segment of the mold cover is 
compressed to complete the impregnation of the reinforcement. Numerical modeling and 
simulation is used to show how only the impregnated zones of the reinforcement need be 
compressed, therefore minimizing the total load on the mold cover while ensuring a complete 
impregnation of the reinforcement in a timely manner. 
 
 
KEYWORDS: Modeling, Articulated Compression Resin Transfer Molding 
 
 

INTRODUCTION 
 
Composite materials are used in a large number of industrial applications ranging from high 
performance automotive and aerospace structures to common consumer products. Because 
composites combine high mechanical performance, low weight and good resistance to 
corrosion, further increase can be expected in their industrial usage. Five major ways to 
manufacture composites are presently in use: hand lay-up, autoclave, pultrusion, filament 
winding and liquid composite molding (LCM). A tradeoff between manufacturing cost, 
performance and geometric complexity governs the choice between the above processes. 
When the part geometry becomes complex as often encountered in the automotive and 
aerospace sectors, LCM remains the only reasonable alternative. LCM actually represents a 
family of composite manufacturing processes that consist of injecting a reactive liquid resin 
through a fibrous reinforcement. Among the several existing LCM techniques, Resin Transfer 
Molding (RTM) uses closed and rigid molds. The RTM process is well suited to manufacture 
complex small to mid-size parts. However, a problem arises with RTM for composite parts 
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with a high fiber content. Indeed, the permeability of the fibrous reinforcement drops 
drastically with an increase of the fiber content. Consequently mold filling is completed after 
a much longer period of time, resulting not only in a low overall throughput of the process, 
but sometimes in a non uniform impregnation of the reinforcement. One way to overcome this 
limitation is to design a mold with a thicker cavity to let the injected resin flow above the 
fibrous reinforcement (Fig. 1a). Once enough resin has filled up the cavity, the injection is 
stopped (Fig. 1b) and the upper part of the mold is pushed towards the fibrous reinforcement 
to compress the fibers, hence achieving a complete impregnation and reaching the desired 
fiber volume content (Fig. 1c). This technique is commonly called Compression Resin 
Transfer Molding (CRTM). It was studied extensively by Pham et al. [1], who modeled the 
process and developed a numerical algorithm to simulate injection and compression of the 
fibrous reinforcement in the case of displacement control of the mold cover. This work was 
further extended by Pham and Trochu [2, 3] for thin shells, then to include the case of 
pressure control in bladder assisted injection. More recently Achim et al. [4] have generalized 
this work to the case of an articulated mold cover. 
 

 
 

       
(a)       (b)    (c) 

 
 
 

Fig. 1 Main steps of Compression Resin Transfer Molding (CRTM) 
 
In this paper a generalized version of CRTM commonly called ACRTM is presented. Unlike 
CRTM where the mold is made of a single piece, ACRTM compresses the reinforcement with 
a mold cover made of several pieces that can be articulated separately. Using modeling and 
simulation, it will be shown how the wet zones of the reinforcement are compressed to 
complete the impregnation process in a timely manner. 
 
 

ARTICULATED COMPRESSION RESIN TRANSFER MOLDING (ACRTM) 
 
In CRTM the mold cover is usually made of a single rigid part, so the pressure applied during 
compression is uniformly distributed over the mold cover. Consequently, the mechanical 
press used in the process needs to provide an increasing force to overcome the resistance of 
the resin flow caused by the decrease in permeability of the reinforcement during 
compression. However, it is possible to minimize this effort if the mold cover is made of 
several pieces that can be articulated separately. This alternative is called ACRTM and 
consists of compressing only the newly impregnated part of the reinforcement. To illustrate 
the concept, Fig. 2 shows a mold made of four different pieces where the resin is injected 
from the left side. In the first step (Fig. 2a) the resin is injected underneath the first segment 
of the mold cover. Segment 1 is then pushed toward the base plate of the mold until the 
desired thickness is reached. In the meantime segment 2 is moved upward to let the resin 
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accumulate underneath it (Fig. 2b). The same operation is repeated with the remaining 
segments (Fig. 2c, d, e). 
 
 

 
 

   
(a)        ..(b)          (c) 

         
(d)                  (e) 

 
 
 

Fig. 2  Main steps of Articulated Compression Resin Transfer Molding (ACRTM) 
 
 

GOVERNING EQUATIONS 
 
The injection of a liquid resin through a fibrous reinforcement is generally considered as a 
flow through a porous medium and consequently governed by Darcy’s law. The latter relates 
the average fluid velocity  (Darcy’s velocity) to the pressure gradient v P∇  as follows: 
 

[ ] P∇−=
µ
Kv      (1) 

 
where  is the permeability tensor of the porous medium and [ ]K µ  is the resin viscosity. 
Darcy’s velocity is related to the resin velocity via the porosity φ  of the porous medium by: 
 

rvv φ=       (2) 
 

and Darcy’s law may be reformulated as: 
 

[ ] Pr ∇−=
µφ

Kv      (3) 

 
The continuity equation for the liquid phase in a deformable porous medium leads to the 
following global mass balance [3, 4]: 

325



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

( )
t
hhdiv r ∂
∂
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Using Eqn. 3, Darcy’s law for compressible porous media is finally obtained: 
 

[ ]
t
hPhdiv
∂
∂

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇

µ
K      (5) 

 
In the case of CRTM or ACRTM processes the term of the right hand side of Eqn. 5 is set by 
the imposed displacement of the mold cover during the compression stage. The equation may 
therefore be rewritten as: 

[ ]
CovervK

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇Phdiv

µ
    (5) 

where vcover is the velocity of the mold cover during compression. The governing equations 
are solved by the finite element method [5]. 
 
 

FILLING OF AN AUTOMOTIVE HOOD 
 
In order to fill the automotive hood of Fig. 3a by ACRTM, the mold mesh is divided into 
several segments (see Fig. 3b). The injection port is located in the center of the part while 
vents are set at the bottom and top right corners. 
 

 
 

             
      (a)       (b) 

 
 
 

Fig. 3  The mold cover is split into segments in order to carry out ACRTM 
 
The inlet pressure is set to 105 Pa to inject a resin of viscosity 0.1 Pa.s and the vents are kept 
at 0.28 105 Pa. The initial height of the mold cavity is 12 mm and the initial fiber content is 
low (16%). Since the fiber content will vary during compression, the variation of permeability 
as a function of the fiber volume content is provided in Fig. 4. 
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Fig. 4  Permeability vs. fiber content for the reinforcement used in the simulations 
 
After 7 sec, the resin is already transferred underneath the 3 central segments of the mold 
cover as depicted in Fig. 5a and enough resin has been injected to fill up the entire cavity. The 
compression of the central segments starts as seen in Fig. 5b and a decrease in thickness of 
the corresponding zone is observed. The thickness keeps on decreasing with compression of 
the segment until it reaches a value of 4 mm, then the adjacent segments of the mold cover are 
moved down to continue the compression (see Fig. 6). 
 

 
 

           
(a)       (b)  

Fig. 5  Beginning of the compression process after 7 sec of filling: (a) flow front at 7 sec; (b) 
thickness distribution at 7 sec 
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(a)       (b)  

 
 

Fig. 6  Thickness variation during compression (ACRTM): (a) at 8 sec; (b) 10 sec 
 

 
 

         
(a)       (b)  

 
 

Fig. 7  Filling of the hood by the ACRTM process: (a) filling time distribution; (b) pressure 
distribution 

The total filling time obtained is nearly 10 sec (see Fig. 7a) and the maximum pressure 
reached in the mold cavity is 3.5 107 Pa. 

In order to illustrate more clearly the advantages of ACRTM, it is interesting to compare the 
previous results to those of a CRTM simulation. The same properties of the resin and the 
reinforcement are therefore considered. The variation of permeability as a function of the 
fiber volume content is given by the same curve as in Fig. 4. The initial height of the mold 
cavity is 12 mm. No compression is carried out until enough resin to fill up the entire mold 
cavity has been injected. The compression starts 7 sec after the injection began. Fig. 8 shows 
the thickness variations during compression. Note that the thickness is not uniform since the 
mold cover is moved vertically while the automotive hood is not perfectly planar. Figures 9a 
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and 9b depict respectively the progression of mold filling in time and the final pressure 
distribution attained in the mold cavity. It is important to note that the final pressure of 6.4 
107 Pa reached in CRTM is twice as much as the one of ACRTM. For the same compression 
pressure, ACRTM would give a smaller filling time. 
 

 
 

 
                   (a)         (b)                                         (c) 

 
 

Fig. 8  Thickness variation during filling: (a) at 7 sec; (b) 8 sec; and (c) 11 sec 
 

 
 

             
(a)      (b) 

 
 

Fig. 9  Filling of the hood by the CRTM process: (a) filling time distribution; (b) pressure 
distribution 
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CONCLUSION 

 
A model of Articulated Compression Resin Transfer Molding (ACRTM) was developed 
based on the general Darcy equation for compressible porous media and the resin continuity 
equation. The final form of the governing equation was solved for complex parts using the 
finite element method. The filling of an automotive hood was considered to illustrate this 
approach. It was shown how the mold cover can be divided into several segments intended to 
carry out the compression process. Simulation results were compared to those of CRTM. 
ACRTM used less energy to transfer the resin for the same range of filling times. For the 
same compression pressure, this process would allow filling parts more quickly than RTM or 
CRTM. However, like in CRTM one difficulty remains for parts with nearly vertical walls: it 
is not possible in that case to impose a uniform compression to the reinforcement. In addition, 
an articulated mold will necessarily be more complex, and hence more expensive than a rigid 
one. 
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ABSTRACT:  Resin Transfer Molding with a Dispersion Medium (DM-RTM) is a liquid 
composite molding manufacturing technique well suited for high fiber volume aeronautical 
parts. DM-RTM, also known sometimes as Liquid Resin Injection (LRI), consists of 
incorporating a highly permeable dispersion medium into the laminated preform to accelerate 
fiber impregnation. This cost-effective molding technology is contemplated for use in the 
manufacturing of large size aeronautical parts of complex shape because of its ability to 
quickly fill-up the mold, and hence reduce total cycle time. The high difference in planar 
permeability between the dispersion medium and the fibrous preform (of almost three orders 
of magnitude) induces a through-thickness flow that cannot be neglected event for thin parts. 
The resulting three-dimensional filling of the mold cavity can no longer be assumed to take 
place following a two-dimensional uniform flow front through the thickness of the part. To 
improve the performance of such a process, more scientific knowledge of three-dimensional 
impregnation phenomena is required. This work concerns the analysis of through-thickness 
flows coupled with standard planar filling simulations. Numerical simulation is a useful 
design tool in the virtual prototyping of the molds required to produce complex composite 
parts by resin injection. Computer analyses aim to model, predict and control the events that 
occur during the fabrication of composite parts by liquid composite molding. In this work, a 
pseudo three-dimensional numerical analysis is presented to simulate mold filling in presence 
of a dispersion medium. The numerical approach is validated with experimental results that 
demonstrate the capability of the proposed “simplified” solution. A test case was carried out 
on a composite part to highlight the advantages of the numerical simulation. Finally, DM-
RTM filling is applied to a complex aeronautical part.  
 
 
KEYWORDS: DM-RTM, integrated approach, aeronautics, composite  
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INTRODUCTION 

 
Over the last few years, thermoset composites have played a key role in the development of 
new commercial aircrafts because of their high specific properties, corrosion resistance and 
low fatigue. Recently, a wide variety of new manufacturing processes has appeared as an 
alternative to high cost pre-impregnated fabrics and autoclave cured composites. Liquid 
Composite Molding (LCM) techniques such as Resin Transfer Molding (RTM) and Vacuum 
Assisted Resin Infusion (VARI) have become increasingly popular for structural parts. These 
techniques based on resin injection through fibrous reinforcements allow a significant 
reduction of manufacturing costs through usage of complex 3D braided fabrics and 
multifunctional integration. Resin Transfer Molding with a Dispersion Medium (DM-RTM) is 
a liquid composite molding manufacturing technique well suited for high fiber volume 
aeronautical parts. DM-RTM, also known as Liquid Resin Injection (LRI), consists of 
incorporating a highly permeable dispersion medium into the laminated preform to accelerate 
fiber impregnation. This cost-effective molding technique begins to be used for the 
manufacturing of aeronautical parts of complex shape, because of its ability to quickly fill up 
the mold and reduce total cycle time. The ability to numerically predict the different 
manufacturing stages is well recognized as playing a key role in the industrialization of such 
processes. Numerical simulation tools able to predict the isothermal and non-isothermal 
injection stages of RTM [1-3], compression RTM [4], VARI [5], articulated RTM [6] and 
various similar processes have been developed over the last 10 years. Efforts have also been 
made to simulate SCRIMP-like processes [7-8] were a high permeable media is used to assist 
in resin infusion under vacuum conditions. In this work, unidirectional flow experiments have 
been conducted to study the DM-RTM process. A one dimensional model has been developed 
to characterize the coupled permeability of the fabric and the dispersion medium. Finally, a 
finite element model has been coded to solve the complex 3D impregnation phenomena and 
apply it to a real aeronautical part. 
 
 

GOVERNING EQUATIONS 
 
The impregnation of a porous preform by a liquid resin can be modeled as a transient Darcy’s 
flow [1]. Darcy’s law enables estimating the average superficial fluid velocity v  from the 
pressure gradient  via the following relationship: P∇
 

[ ] Pr ∇−=
µφ

Kv      (1) 

 
where  is the permeability tensor of the porous medium,[ ]K µ  the resin viscosity and φ  
denotes the porosity of the porous medium. In the case of the DM-RTM process, a highly 
permeable dispersion medium is added above the fibrous preform to facilitate resin 
impregnation of the laminate (see Fig. 1). Important differences between the permeability of 
the dispersion media and the laminate (more than 1,000 times) induce a complex 3-
dimensional resin flow. Due to the higher permeability of the dispersion medium (DM), resin 
initially flows through it forcing a though-thickness impregnation of the low permeability 
laminate. As depicted in Fig. 2 for a representative unit cell, the in-plane and through-
thickness flows can be divided into three main flows: (A) the in-plane flow in the DM, (B) the 
in-plane flow through the laminate and (C) the through-thickness flow from the DM into the 
laminate. These resin flows can be estimated by applying Darcy’s law with a pressure 
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gradient  in the DM,  through the laminate and  between them. Dividing the 
unit cell in the upper layer for the DM and in the lower layer for the laminate, equation (1) 
can be rewritten for each section in the following form: 

DM
XP∆ fibers

XP∆ ZP∆

[ ]
tDM

DM

DMDM QP
A

Q −∇−=
 µφ

K      (2) 

 
[ ]

tfibers
fibers

fibersfibers QP
A

Q +∇−=
 µφ

K
     (3) 

 
where  is the flow rate through the dispersion medium,  the flow rate in the 

laminate, A the in-plane area of the unit cell and  the flow rate between the dispersion 
medium and the laminate. Two finite elements (FE) approaches are proposed to iteratively 
evaluate the complex resin flow in the DM-RTM process. In both cases, the DM is considered 
independent of the laminate. As shown in Fig. 3, a two-dimensional FE mesh is used to 
describe the DM and calculate the in-plane resin flow through equation (2). The in-plane flow 
in the laminate can be evaluated with equation (3) on a 2D FE mesh in the case of thin 
laminates (i.e., for shell-like composites) and on a 3D FE mesh for thick composites. In the 
first case, for thin laminates, the through-thickness flow can be estimated by applying 
Darcy’s law between the DM and the laminate. As depicted in Fig 4 (a) for two face-to-face 
finite elements representing respectively the DM and the laminate, averaged node pressures 
can be used to evaluate the through-thickness flow in the following way: 

DMQ fibersQ

tQ

tQ

 

)(
 

fibers
cg

DM
cg

fibers

T
fibers

t PP
A

Q −=
µφ

K
     (4) 

 
where  is the transverse through-thickness permeability of the thin laminate,  the 
averaged pressure at the center of the finite element representing the dispersion medium, and 

 the averaged pressure in the finite element representing the laminate. In the case of 
thick laminates modeled by a 3D FE mesh (see Fig 4 (b)), the pressure at the interface 
between the DM and the laminate is set for the nodes on top of the 3D mesh. Darcy’s law 
(equation (1)) is then solved for the thick laminate, and the tree-dimensional flow calculated. 
The transverse flow can then be evaluated as the normal flow through the face of the 
upper element. Fig. 5 shows the proposed flow chart to solve the filling problem in DM-RTM 
for thin and thick laminates respectively.  

T
fibersK DM

cgP

fibers
cgP

tQ

 
 

NUMERICAL AND EXPERIMENTAL VALIDATION 
 
To validate the accuracy of the proposed numerical solution, a 2D through-thickness finite 
element geometry was created. The accurate 2D FE solution was used as reference to evaluate 
the degree of prediction of the proposed simplified solution. Fig. 6 shows a comparison 
between the 2D FE solution and the simplified approach for a rectangular plate of 40 cm 
length, a fibrous preform of 2 mm thick (50% fiber volume content) and a dispersion medium 
of 0,5 mm thick (80% porous media). A Newtonian fluid with a viscosity of 0,1 Pa.s was 
injected under a constant injection pressure of 1e6 Pa. A good agreement between both 
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solutions can be observed. The proposed simplified approach models the 2D Darcy’s flow 
through the thickness of the laminate.  
 
An experimental validation for materials used for aeronautical composite parts was also 
conducted in CRC to validate the proposed model. Experimental injections were carried out 
for different injection conditions. Carbon fabric rectangular plates of 70 x 9 cm and 4 mm 
thick (70% fiber volume content) were layered above a dispersion medium of 0,5 mm thick 
(90% porous). A liquid resin with a viscosity of 0,02 Pa.s was then injected at constant 
injection flow rate. The resin flow front evolution in the dispersion medium and the fibers 
was recorded using fiber optic sensors. As depicted in Fig. 7, the experimental flow front 
positions in the DM and through the laminate were compared to the numerical predictions 
using the simplified approach. It was observed that when in-plane flow in the laminate region 
is not considered (i.e., zero in-plane permeability of the fibers ), then the numerical 
solution diverges from experiments as can be seen at the beginning and at the end of resin 
injection (see arrows in Fig. 7). Hence it can be inferred that the in-plane flow through the 
laminate plays a key role at the beginning of the impregnation as well as at the end of mold 
filling. From this experimental validation one may conclude that the proposed simplified 
approach accurately predicts the resin flow in the dispersion medium and through the 
laminate for thin composite parts manufactured by DM-RTM. 

X
fibersK

 
 

CASE STUDY 
 
A test case was carried out for a real aeronautical part to demonstrate the capabilities of this 
new numerical approach. The composite part consists of a fuselage panel, auto-stiffened panel 
of 3,5 x 3 meters, with a ratio between length and thickness higher than 1000. A preliminary 
study showed the difficulties to reproduce the different resin flows for this kind of process 
with standard numerical solutions (i.e., using shell elements with averaged permeabilities or 
3D elements). Fig. 8 displays a preliminary result for a shell mesh with an average 
permeability (i.e., thickness weighted permeability). It was experimentally observed that the 
filling prediction with averaged permeability did not represent the DM-RTM process. As 
illustrated in Fig. 9, important differences were obtained between the averaged permeability 
solution and the proposed simplified approach (i.e., differences in filling times and different 
shapes of the flow front). As depicted in Fig. 10, the proposed solution allows a fast analysis 
of the evolution of the resin front in the DM and through the laminate.  
 
 

CONCLUDING REMARKS 
 
In this work, a methodology is proposed to compute three-dimensional flows in the Resin 
Transfer Molding with a Dispersion Medium (DM-RTM). Two numerical solutions were 
proposed based on finite element analysis. The first one considers the case of thin laminates 
(i.e., shell-like composites), while the second one is focused on thick laminates. The complex 
3-dimensional resin flow evolution is solved by a simplified approach consisting of 
calculating the in-plane flow in the DM followed by the transverse through-thickness flow, so 
that finally the in-plane flow through the laminate can be numerically estimated. Numerical 
and experimental validations demonstrate that the in-plane flow through the laminate plays a 
key role at the beginning and at the end of resin injection. A good agreement between 
measured and predicted flow fronts in the DM as well as through the laminate was observed 
for the experimental validation presented. Finally, a test case was studied for an aeronautical 
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composite part to highlight the advantages of the proposed numerical formulation. This 
simplified approach can accurately predict the evolution of the resin flow in the dispersion 
media and through the laminate for thin composite parts manufactured by DM-RTM. 
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Figure 1. DM-RTM manufacturing process: a highly permeable dispersion medium is added above the 
fibrous preform to facilitate resin impregnation. 
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Figure 3. Two proposed geometrical representations: a 2D FE mesh is used to describe thin laminates (i.e.,
for shell-like composites) and a 3D FE mesh is used in the case of thick composites. In both cases a 2-
dimensional FE mesh is used to describe the DM. 
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Figure 5. Flow chart of the finite element solver used to simulate DM-RTM mold filling for thin and thick 
laminates respectively. 
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filling.  

Figure 8.  Filling results of the aeronautical composite part with the average permeability solution for
a mesh of shell elements. 
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 Figure 9. Comparison between the average solution and the proposed DM-RTM solution.  
 
 
 
 
 Filling of the DM layer Filling of the laminate  
 
 
 

Figure 10. DM-RTM filling simulation of an aeronautical test part: in-plane filling of the 
DM layer and transverse flow through the laminate can be observed. 
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ABSTRACT:  This paper introduces two experimental studies of capillary 
impregnation across fiber tows. The first experimental technique embeds four to five 
flow detection sensors into a fiber tow at radial locations from the outside to the center 
of the tow to track the motion of fluid from outside to the center of the tow with time. 
The second technique based on Magnetic Resonance Imaging (MRI) is a non-intrusive 
tracking of the flow front as it impregnates the fiber tow. The techniques are compared 
and contrasted to identify their advantages and limitations. An analytical model that 
ignores the backpressure of the entrapped air grossly under predicts the saturation time 
for the tow as compared with the experiments. In order to explain this discrepancy, we 
include the effect of entrapped air in the analytic model, which slows down the capillary 
flow. However, other effects such as non-uniform fiber volume fraction within the tow 
and the ease with which the entrapped air can escape from the tow could also prove 
crucial as suggested by some of the experimental results. 
 
KEYWORDS: Magnetic Resonance Imaging (MRI), experimental technique, Liquid 
Composite Molding (LCM), capillary flow, micro-scale flow 
 
 

INTRODUCTION 
 
In Liquid Composite Molding (LCM) processes, fiber preforms are placed in a mold 
and then impregnated with resin. The fiber preform consists of fiber tows woven or 
stitched together. Each fiber tow is made up of thousands of individual fiber strands 
grouped together in a bundle. The resin has to impregnate not only the empty spaces 
between the fiber tows but also the gaps between fibers within each fiber tow. The time 
to completely saturate fiber tows is usually much larger than the time to fill regions in 
between the fiber tows. Prior analytical work has investigated various aspects of 
capillary flow of resin through fiber tows. Nevertheless, analytical models are generally 
based on many simplifications of the tow geometry, as well as assumptions on the 
material and process parameters, considered constant in time or uniform within the 
space domain. 
This paper is an abridgment of the work we have done, both analytically [1] and 
experimentally[2, 3]. Preliminary tests we conducted on large replicas of real fiber tows 
indicated that the analytical models which do not account for the entrapment of air 
during the capillary impregnation, underestimate the total fill time. Experimental 
investigations which we are going to detail below show significant discrepancy between 
the measured times of impregnation and the values calculated from an analytical 
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solution. These differences seem to be related to the presence of entrapped air and to 
whether it can dissolve in the resin and escape outward from within the fiber tow. Our 
first experimental setup inserted electric sensors inside a model tow that was submerged 
in a resin and recorded the arrival times of the liquid resin at a limited number of radial 
locations.  
The resin arrived at these radial locations much more slowly than predicted by an 
analytic model so an amendment to the analytical model, to account for the opposing 
effect of air on the capillary impregnation is proposed to explain the discrepancy. This 
phenomenological model was subsequently verified using the experimental technique 
with embedded electric sensors and with a second non-intrusive experimental method, 
based on Magnetic Resonance Imaging (MRI). Our MRI setup captured the evolution of 
the 2D flow front interface, with a series of cross-sectional snapshots at selected time 
intervals. 
A comparison between the two experimental techniques is presented, along with their 
capabilities and limitations. The experimental results show that non-uniformity in fiber 
volume fraction within the fiber tow and the ability of the air to dissolve in the 
surrounding liquid does play a significant role in the impregnation dynamics due to the 
action of capillary forces. 
 
 
ANALYTICAL MODEL FOR RADIAL IMPREGNATION INTO FIBER TOWS 
 
Our approach built on other analytical models of impregnation within cylindrical fiber 
tows [4-8]. We also assumed that the capillary impregnation evolved symmetrically 
only in the radial direction toward the center of the cylindrical fiber tow (Figure 1), and 
that longitudinal flow as well as body forces can be neglected.  
 

a)  
Figure 1. Geometric assumptions of tow impregnation solely by virtue of capillarity 

 
We also derived an equation in finite differences for the more general case, where fiber 
distribution may vary in radial direction within the porous bundle and liquid parameters 
may vary in time during the process, as shown below and detailed in [1]: 
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where t is time, Rf is the flow front radius, ∆t and ∆Rf, are finite increments of the time 
and space coordinates, R0 is tow’s radius, r is the current radial coordinate used for 
integration, η is liquid’s viscosity, Vf is the fiber volume fraction, K is transverse 
permeability, pout is the pressure of liquid surrounding the tow, pin is the pressure 
exerted by air opposing the flow, and cp  is the average capillary pressure. Some of 
these parameters can be identified in Figure 1. 
If more simplifications are made, such as homogeneity of the porous material (uniform 
fiber volume fraction) and constant liquid parameters, then a closed form solution can 
describe the relationship between normalized coordinates time τ and flow front radius ε: 

( )21 1 2lnτ ε= − − ε       (2) 
in which ε=r/R0, r being the location of the resin front and  R0 is the radius of the fiber 
tow; τ=t/ (0)

ft  is the nondimensional time, in which the characteristic time is the 

analytical fill time (0)
ft ,. The expression for fill time is given in literature for the ideal 

case where air does not oppose the capillary flow in any way, the driving pressure 
remaining constant and equal to the capillary pressure. That expression is  

( )2
0(0)

1

4
f

f
c

R V
t

K p

η⋅ ⋅ −
=

⋅
      (3) 

where η is the resin viscosity, Vf is the fiber volume fraction, and K is the transverse 
tow permeability. 
 
Preliminary experimental investigation 
 
To check how well the above analytical model estimates the tow fill time, we conducted 
a few preliminary experiments by immersing large replicas of fiber tows (cylindrical 
samples made of aligned fibers) with five embedded electric sensors along the radial 
direction in a liquid to let capillarity impregnate the sample spontaneously, without any 
external application of pressure. The details of the experimental setup is described in 
the next section (also see Figure 5). Other experimental approaches previously carried 
out, where we looked for inspiration can be found in [9-12]. 
The results of these preliminary experiments revealed that the dynamics of the capillary 
impregnation was different from the analytical closed form solution given by Eqs. (2-3), 
which under predicted the real fill time as shown in Figure 2 by a large margin. On the 
other hand, Eqs. (2-3) seemed to estimate the experimental fill time reasonably well in 
low-fiber volume fraction tows containing a perforated tube at the center that created an 
easy path for the entrapped air to escape.  
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Figure 2. Flow front location vs. time recorded during a preliminary test conducted on a 
full sample of 70% fiber volume fraction and measuring 47mm in diameter. The dotted 
curve follows the experimental data points, while the continuous curve represents the 

analytical estimation, which does not account for the entrapped air effect 
 

These seemed to strongly indicate that air presence and displacement during the 
capillary impregnation have an opposing effect on the overall dynamics of the process. 
Although it was observed and measured that during the liquid impregnation air does 
manage to escape from the sample as emerging bubbles, this was accompanied by a 
slow-down of the process. 
 
Modification of analytical model 
 
Based on the preliminary experimental findings, we modified the analytical model, to 
account for the role of air entrapment and displacement. For this purpose, we introduced 
a correction to account for a gradual loss of air during the inward capillary flow, which 
has a dual consequence: it lets the air to escape from the porous sample, but at the same 
time this air displacement slows down the capillary flow front, by exerting a 
backpressure on it. The proposed model also accounts for the two extreme cases: one, 
where air escapes outward without exerting any backpressure on the capillary 
advancement, is equivalent to the situation where air is absent from the tow (e.g. in 
vacuum assisted processes) and is the only case reflected by the previous simplified 
analytical model. The other extreme is when the whole quantity of inside air is trapped 
inside the fiber tow and completely stalls the capillary flow front after a short 
progression inward. 
Without focusing on the exact mechanism of outward air motion, we proposed that 
there was a pattern for the rate of air loss, uniquely characterized by a scalar parameter 
δ, which in turn influences the actual fill time of the sample, always greater than the 
analytical estimation (Figure 3). 
In [1], we gave detailed definitions and presented derivations for the rate of air loss and 
the subsequent fill times, which will not be reproduced here. One important remark is 
that the model we proposed accounts for both the case where air does not exerts any 
backpressure and does not slow down the capillary process at all (δ=0) as well as the 
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other extreme, where air is being trapped inside of the porous sample and completely 
stops the capillary flow (δ=1) before it reaching the center (Figure 3). 

 

 
Figure 3. Flow front advancement profile, for several values of parameter δ, in 

dimensionless coordinates. Case δ=0 (no air effect) is the most favorable case for 
impregnation, whereas if δ=1 (trapped air), all inside air is compressed until 

impregnation stops. Any other intermediate value of δ gives a fill time larger than tf
(0)

 
To validate the proposed model and to obtain more insight into what accentuates and 
what attenuates the opposing role of air displacement on the dynamics of the capillary 
impregnation, we used two experimental techniques to understand the role of different 
parameters in the mechanism that slows the impregnation process.  
The samples used in both experimental approaches were of two types, as seen in Figure 
4. The samples featuring a tube with perforations at the center (Figure 4b) will be 
referred to as ‘hollow’, being designed to provide the inside air with an easy escape 
route, without exerting any back-pressure to oppose the capillary flow front advancing 
inward. The other samples were ‘full’, as shown in Figure 4a. A complete description of 
the samples is provided in [2] and [3]. The two approaches are described in the next two 
sections. 
 

a)  b)   
Figure 4. a) ‘Full’ sample of circular cross section; b) ‘Hollow’ sample with perforated 

inner tube, before ends were sealed 
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USE OF DISCRETE EMBEDDED ELECTRIC SENSORS 

 
The first experimental setup we used, was based on measuring liquid arrival times at the 
locations of a few hand-made electric sensors inserted at selected radial locations in the 
samples (Figure 5a & b). The samples were immersed in a bath of liquid. Due to the 
electric conductivity of the impregnating liquid, each sensor circuit closed as soon as 
the liquid reached that location. The data acquisition system attached to the setup read 
the jump in voltage (Figure 5c) and identified that moment as the arrival time for the 
corresponding sensor. Because the sensors were perceived as possible sources of 
perturbations for the capillary liquid, their number was limited to five at the most. The 
sample diameters were approximately 50 mm, a couple of orders of magnitude thicker 
than the real fiber tows in composite manufacturing. Full descriptions of samples and 
tests are given in [2]. 
 

a)  

  
 (b)

 (c)
Figure 5 a) Sketch of the setup using electric sensors inserted at radial locations |3|. The 
cylindrical porous sample |2| and sealed at the ends |1| to minimize longitudinal flow. b) 
Sensor locations in radial direction S1-S5, shown in cross sectional view. The assumed 

circular flow front separates the grey (wet) and white (dry) areas. c) Sketch of the 
electric signals marking the arrival times at sensor locations. 

 
A typical measurement obtained with this technique was presented in Figure 2 where it 
is obvious that only few data points were recorded, with relatively significant errors. 
Among the drawbacks of the technique, its intrusiveness is the most glaring, as sensor 
wire is much thicker than the individual fibers in the fiber tow sample. Also, the 
distribution of fibers inside of the samples is perturbed locally by the insertion of the 
sensors, and this is another cause of concern, as the transverse tow permeability was 
estimated on the assumption of uniform distribution. In addition to this, not all sensors 
were identically triggered at the contact of the impregnating liquid, so that in some 
instances the voltage jumps sketched in Figure 5b were not that sudden, consequently 
making it more difficult to assess the real arrival time of liquid at the location of that 
particular sensor. At the same time, we found that the technique is not applicable to 

348



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

smaller samples, because there is not sufficient room to insert more than one sensor at 
the center. 
In spite of these shortcomings, we were able to use the electric sensors to determine 
that, arrival times at sensors locations in low-fiber-volume-fraction ‘hollow’ samples 
were comparable to those estimated using Eqs. (2-3). Conversely, for a set of ‘full’ 
samples made of glass fibers at 45% to 70 % fiber volume fractions, we found that 
increasing fiber volume fractions Vf are associated with higher values of parameter δ 
and fill time ratios, which indicate a more inhibiting role of the air escape/dissolution 
process onto the capillary impregnation. The results presented in Figure 6 show a 
quadratic trend of fill time ratios vs. Vf, trend well approximated with a R-squared value 
of 0.98. 
 

 
Figure 6. Effect of fiber volume fraction on fill time ratios (calculated by normalizing 

experimental fill times with respect to the theoretical predictions for the ideal case) 
 
The drawbacks of the technique attracted us to a different approach – Magnetic 
Resonance Imaging, which is described below. 
 
 
EXPERIMENTAL APPROACH USING MAGNETIC RESONANCE IMAGING 

 
The primary reason we preferred using Magnetic Resonance Imaging to explore the 
impregnation dynamics, was due to its ability to yield a two dimensional image of the 
capillary flow front advancement at a relatively high sampling frequency. Using a 
Bruker DSX400 MRI spectrometer (by Bruker-Biospin, Rheinstetten/Germany) we 
were able to record images of the cross-sectional capillary flow front as often as once 
every 13 seconds. This allowed us to obtain not only a reliable dependence of 
equivalent flow front radius vs. time, but also to propose a quantification of the 
irregularity of flow front contour, in connection with the cross-sectional contour of the 
sample. More technical details on the MRI’s applicability to liquid impregnation 
through porous material have been outlined in [13, 14], while specifics on our 
experimental study can be found in [3]. A sketch of the experimental setup is shown in 
Figure 7a. The image captured displays dark (dry fibers), grey (wet fibers) and white 
(surrounding liquid in the test tube) areas, as seen in Figure 7b. 
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Figure 7. a) Sketch of the MRI setup. b) In addition to the equivalent flow front radius, 
MRI can also show how much the actual flow front contour (continuous curve) differ 

from the expected circular pattern (dotted circle). 
 
After data recorded by the spectrometer in digital form are processed, the resulting 
sequence of frames can serve to generate the flow front advancement vs. time, as seen 
in Figure 8a. Each data point on the plot corresponds to a frame recorded, but only 
selected frames are shown in the inserts in Figure 8a, superposed on the experimental 
curve. 
 

 
Figure 8a) Typical experimental curve of flow front dependence on time. 

b) Experimental and analytical variation of flow front location ε(τ). 
 
We used data recorded experimentally for several samples to generate the profile of 
capillary impregnation in non-dimensional units, where the flow front location was 
normalized with respect to the sample radius, and time was normalized with respect to 
the value of the “ideal fill time” tf

0. It is important to specify that the value of this 
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characteristic time was not derived using Eq. (3), but instead the first few experimental 
points on plots similar to the one in Figure 8 were used to generate a curve fit of the 
type expressed by Eq. (2). This approach was based on the assumption that at the 
beginning of the capillary impregnation, the air does not manifest its opposing effect, 
and therefore the first stage of the impregnation can be safely approximated with Eq. 
(2). 
This allows us to avoid the challenging aspects of correctly evaluating the transverse 
tow permeability, as required by Eq. (3). In Figure 8b we have plotted a series of such 
experimental curves for a set of similar samples of various fiber volume fractions, along 
with the analytical curve [Eq. (2)], all in non-dimensional coordinates. It is noticeable in 
Figure 8b that higher the fiber volume fraction, more significant is the role of the air in 
opposing the flow and slowing it down by exerting back pressure due to the compressed 
entrapped air. 
Another benefit made possible by the high sampling ratio of the MRI data was that we 
were able to back-calculate the variation of air pressure inside the sample. As seen in 
Figure 9, a typical profile of the pressure difference ( )out in cp p p− +  normalized with 

respect to capillary pressure cp , displays an constant trend at the start of the 
experiment, and then it decreases as the capillary impregnation progresses. This is an 
interesting aspect, which confirms the fact that air opposition can be neglected at the 
beginning, but it becomes significant toward the end of the process. Some oscillations 
of the pressure might confirm the findings of Young [15], who previously showed that 
the capillary meniscus moves in subsequent jumps across a bank of aligned fibers. 
 

 
Figure 9. Typical profile of pressure difference driving the capillary flow, as determined 

indirectly from experimental data (normalized coordinates) 
 
Another interesting finding of our MRI study was that the irregularity of the flow front, 
which we quantified by means of a parameter, increases during the capillary 
impregnation due to inherent non-uniformities in fiber distribution within the samples. 
Moreover with MRI we were able to compare the dynamics of the capillary 
impregnation as influenced by the nature of the impregnating liquid. The results in 
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Figure 10 were already normalized by taking into account the viscosities of the liquids,  
so under ideal conditions one should not expect the viscosity to influence the solution as 
much as it does. However, we suspect that for the more viscous liquid (corn syrup), 
maybe the air dissolution or escape is much less probable as compared to water. Thus, 
the entrapped air is slowed down more significantly in the corn syrup case, where 
higher back pressure was caused by the compressed air. 
 

 
Figure 10. Comparative flow front advancement ε(τ) plotted against normalized time for 
two similar samples using corn syrup and water, respectively. The discrepancy suggests 

that the inhibiting effect of air becomes more prominent for the more viscous liquid. 
 
More details on the results obtainable via MRI in capillary impregnation studies may be 
found in [3]. 
Our experimental study revealed that the foremost advantage of the MRI technique is 
that it can generate detailed data on the shape of the flow front in an non-intrusive way 
at a very high sampling rate, which could reliably recreate the capillary flow behavior 
within a porous sample. Thus for us, MRI confirmed our previous finding that higher 
fiber volume fractions intensify the opposing effect by entrapped air displacement, in 
addition it revealed the unsymmetric behavior  of the capillary flow front. 
The limitations of the technique include  (i) MRI’s inability to accommodate larger 
samples (the maximum diameter was 23mm, much smaller than the ones tested with 
electric sensors) or (ii) samples containing metallic elements, (iii) restrictions on the 
choice of testing liquid (necessarily rich in protons) and (iv) our MRI equipment’s 
inability to test under different pressure levels, other then the atmospheric pressure. 
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CONCLUSIONS 
 
We have shown that the study of capillary impregnation of fiber tows must account for 
the role of entrapped air. Our experiments, using two different techniques, one using 
electric sensors and the other using MRI confirmed that the role of entrapped air 
becomes more crucial with increasing fiber volume fraction. We compared the two 
procedures, and found that the former is intrusive and can provide a limited number of 
data values, while the latter yields detailed information related to visualization of 
capillary flow and indirect estimation of variation of air pressure inside the fiber tow 
during the process. MRI was also able to reveal the deviation from radial flow as 
assumed in the model. The experimental findings definitely shed more light on the fact 
that higher fiber volume fraction tows of large diameters can be difficult to evacuate 
completely of air and impregnate with resin. 
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ABSTRACT: Heterogeneity in fibrous reinforcements can lead to unforeseen, unpredictable 
and at times, problematic flow patterns. This necessitates the injection of additional resin into 
the mould to ensure complete part infusion, creating higher resin wastage. In many cases, 
resin starts to cure before the infusion is complete, leading to higher part rejections. To 
address this issue, a new active injection control system is proposed. In addition, a camera-
based system is also proposed for flow monitoring in the Vacuum Infusion process. The 
control system is capable of monitoring resin flow, identifying flow disturbances and taking 
an appropriate corrective action in real-time, through computer-controlled injection ports. The 
system has been fully implemented in a computer code and is validated through infusion 
experiments.  
 
 
KEYWORDS: Polymer Composites, Vacuum Infusion, Active Control, Image Analysis. 
 
 

INTRODUCTION 
 
Vacuum Infusion is a low cost process for manufacturing parts with large surface area to 
volume ratios. The process involves placement of cut reinforcement onto a solid mould 
bottom half, placement of vent and resin injection lines at pre-determined locations and 
sealing of the mould using a flexible mould top half. Many times, the reinforcement is also 
covered with materials to facilitate uniform vacuum pressure, resin flow and part extraction. 
The sealed mould is evacuated through vent lines which creates a driving potential for resin 
injection through the injection lines. The quality of manufactured parts, characterised by 
various mechanical properties, depends on the level of the reinforcement infiltration through 
resin flow [1]. Incomplete or partial infiltration of reinforcement can lead to dry spots, added 
salvage costs and many times, complete part rejection [2].  
 
Many research efforts [3-6] have focused either on developing a fundamental understanding 
of the VI process or on applying current knowledge to design and develop modelling tools 
which replicate the process. The aim of such approaches is to reduce manufacturing costs, 
increase the part quality, and improve process reliability.  
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It is widely known that the reinforcement is heterogeneous in nature [2] and the level of 
heterogeneity varies with reinforcement architecture [7, 8]. In addition, the influence of 
heterogeneity depends on the reinforcement permeability. However, in general, the 
reinforcement is considered homogeneous for ease of modelling [2]. This generalisation, in 
addition to difficulties associated with reinforcement permeability characterisation, has led to 
limited success of these approaches.  
 
Another alternative is to employ sensors to collect flow information and use this information 
for active control of the infusion process. This approach has been reported widely for the 
Resin Transfer Molding (RTM) process [9-11]. However, very few efforts [12, 13] have been 
reported for the VI process. Johnson and Pitchumani [12] proposed of producing localised 
changes in the infiltration rate through changes in resin viscosity. For this, an induction heat 
source was used. Based on the feedback from flow sensors, the location and the output of this 
heat source were controlled by a computer. The system was validated with numerical 
simulations. The system is limited to resin systems with long cure times.  
 
Bender et al. [13] reported an injection system based upon active control of the injection flow 
rate. For this, the resin supply bucket was placed inside a pressure vessel. A fuzzy logic based 
controller altered the pressure inside the vessel. The system was validated using numerical 
simulations and experimental implementation.   
 
The limited number of efforts aimed at controlling the VI process, is mainly due to large 
number of sensors required for flow monitoring. In addition to cost considerations, part 
intrusiveness is also a major factor. In this paper, we report the development of a low cost, 
non-intrusive flow sensing system. This system has been integrated with a flow simulation 
tool and other control hardware in an actual experimental set-up. Results from actual infusion 
experiments are also reported.  
 
 

CONTROL SYSTEM 
 
Design 
 
The on-line control system developed in this work utilizes an image acquisition and analysis 
system to collect information about the flow progression inside a closed mould with at least 
one transparent side. This information is used to define the nodal fill-factors (initial 
conditions) for mould filling simulations. With a pre-defined set of port configurations 
(injection schemes or boundary conditions) and the initial conditions, mould-filling 
simulations are performed to predict flow advancement over the next time period. Then, the 
optimisation algorithm uses a pre-defined cost function to select an optimum injection scheme 
i.e. from the simulation results, a value of a cost function for each port configuration is 
calculated and the configuration with the lowest value of the cost function is relayed to the 
computer controlled injection valves to correct the flow deviations. The strategy is repeated 
during the entire infusion phase in a series of control steps. Figure 1 shows a flow chart of the 
system.  
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 Analysis 

mould during the infusion phase, were captured using a web-camera 
, Unibrain S.A.). The 640x480 pixels resolution images were captured at a fixed time 

. Then, they were 
 through an averaging and a high-pass filter to convert them into binary images. Note 

ow advancement simulations in this work were carried out using LIMS. LIMS is a finite 

 Acquisition and

de images, of the 
TM

l of one second. Analysis of the captured images was performed in MATLAB™ using 
tive image analysis toolbox. The captured images were processed to select a region of 
t. In addition, the images were processed to remove a perspective

e relative position of the camera with respect to the mould can vary between 
ments. Hence, the entire image acquisition and analysis system was calibrated before 
rt of any experiment. Then, the stored calibration values were used during the actual 
n experiment.  

ical Simulations  

t/control volume (FE/CV) method based flow simulation tool, developed at the 
rsity of Delaware, the details of which can be found elsewhere [14].  
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Before starting the infusion, a set of sixteen simulation models, corresponding to the 16 
individual permutations of the possible port configurations for four injection ports (Table 3 
A), was generated. Each port can be in either an open or a closed configuration. In addition, 
the entire mould filling phase was divided into a number of equal control-steps such that in 
each step, a pre-defined number of nodes are required to be filled (a filled node lies in the 
infused region, while an unfilled node is outside the infused region). It is important to 
distinguish between a time-step and a control-step, which is a set of time-steps.  
 
At the start of any control-step, the current flow front status in the experiment was used to 
describe the initial conditions (or nodal fill-factors) in all the numerical models. This was 
done by assigning the fill-factor of each node the same value as that of the corresponding 
pixel in the matrix of the binary image (Figure 3). Numerical simulations were performed to 
advance th
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Figure 3 Definition of nodal fill-factors in the numerical model from the
captured image. 
tion selection strategy is necessary. This strategy involves defining a cost function 
s its preferred optimum value (maximum or minimum). Various cost functions such 

 resin wasted via bleeding to the porous volume of the mould, 
between the centroid of an unfilled region and the vent (henceforth, denoted as the 

alculated for all port configurations. The configuration with the 
lue of the cost function was selected as an optimum injection strategy for the next 

e Interfacing 

um port configuration as selected by  solenoid 
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nce the infusion process. In this work, each 
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properties (Figure 2, Table 1).  

are the flow progression in various experiments, all the experiments were recorded 
mera. For quantitative comparison, three parameters were identified and monitored 
experiment. They were: (1) the distance between the vent and the centroid of an 
egion when resin reached the vent, (2) the unfilled area (as fraction of the mould 
en resin reached the vent, and (3) the amount of resin bled through the vent, as 
f the mould porous volume (calculated from the amount of resin injected inside the 
d the amount of resin bled through the vent), for complete infusion of the mould. 

mentation  

rimental programme included four uncontrolled and controlled experiments. In the 
led experiments, all the injection ports were simultaneously opened at the beginning 
fusion and closed at the end of the infusion. For the controlled experiments, the 
ports were computer controlled and the infusion was completed in eleven control 
ulting in ten control actions. In all experiments, the mould was evacuated to 90 KPa 
ressure and the reinforcement layers were infused with hydraulic oil with a viscosity 
a s (at 23 oC temperature). The numerical model of the mould had 1271 nodes and 
drilateral elements. Elements in different regions of the mould were assign

ble 1 Material properties used in the numerical model for active
ntrol experiments. 

Permeability Fibre Volume Thickness
Material (m2) Fraction (m)

CFRM Unifilo U750/450 (Region 1) 1.00E-08 0.18 0.0015

CFRM Unifilo U750/450 + 2.74E-09 0.412 0.0055
(-/+) 45 , FGE 106 (Region 2)
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RESULTS 
 
Results from the uncontrolled experiments show a delayed flow front in the thick region of 
the preform, which contains three layers of bi-axial reinforcement sandwiched between two 
layers of CFRM. The unfilled area, when resin reaches the vent, is considerably larger leading 
to larger resin wastage due to bleeding (Figure 5, Table 2). One can argue that readjustment of 
the vent position could lead to a reduction in resin wastage. However, as shown in Figure 5, 
the last point to be filled varies between experiments and it is difficult to predict a suitable 
vent position. In addition, a number of design factors can influence the selection of suitable 
vent locations [10]. Relocating vents may also be difficult for variety of reasons such as 
reworking costs for the mould. In such cases, it is still desirable to fill the mould with the 
current set-up without a major increase in the production costs or part rejection rates.  
 

 
FGE 106

Vent 
 
FGE 106

Vent

 
 

Figure 5 Flow front positions and unfilled region, when resin reaches the vent, 
in uncontrolled infusion experiments. The injection is from the four corner
injection ports.  
Table 2 Parameters characterising the efficiency of infusion experiments.
Actively controlled experiments show significant improvements in the
infusion efficiency as compared to uncontrolled experiments.  
Uncontrolled Experiments Controlled Experiments

Distance Area Resin Waste Distance Area Resin Waste
(m) (%) (%) (m) (%) (%)

1 0.070 9.044 13.3 1 0.007 4.076 4.4
2 0.069 14.231 13.5 2 0.028 5.037 6.6
3 0.053 13.915 11.7 3 0.029 1.853 5.3
4 0.081 16.171 20.5 4 0.036 3.406 6.7

 
FGE 106

Vent 
 
FGE 106

Vent
Figure 6 Flow front positions and unfilled region, in the controlled infusion
experiments. The control system successfully identifies the flow deviations
and implements appropriate corrective action, leading to reduced resin
wastage and improved infusion efficiency.  
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Controlled experiments show considerable improvement in the flow front progression, and a 
smaller unfilled area when resin reaches the vent, reducing the requirement for resin bleeding 
as well as reducing resin wastage (Figure 6, Table 2). In addition, the control actions 
implemented by the system are different from experiment to experiment, which highlights the 
process variability (Table 3 A, B).  
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Table 3 (A) Possible port configurations for the mould used in the case
study. (B) Port configurations selected by the control system to optimise
the infusion process in actively controlled experiments.  

                (B)  

Experiment #
1 2 3 4

Control Step #

2 8 8 8 8
3 8 8 8 8
4 4 4 8 8
5 3 11 4 4
6 11 2 2 10
7 2 2 3 9
8 10 1 7 5
9 9 11 3 11

10 1 2 3 11
11 3 2 1 1

Injection Gate #
1 2 3 4

figuration #

1 Open Open Open Open
2 Open Open Open Close
3 Open Open Close Open
4 Open Open Close Close
5 Open Close Open Open
6 Open Close Open Close
7 Open Close Close Open
8 Open Close Close Close
9 Close Open Open Open

10 Close Open Open Close
11 Close Open Close Open
12 Close Open Close Close
13 Close Close Open Open
14 Close Close Open Close
15 Close Close Close Open
16 Close Close Close Close

CONCLUSIONS 

geneity in fibrous reinforcements can lead to unforeseen, unpredictable and at times, 
matic flow patterns. Hence, for full part infusion, it is necessary to continue resin 
on, even after it has reached the vent. This results in resin wastage and longer fill-times. 
e cases, resin may start to cure before the infusion is complete, leading to higher part 

ons.  

dress this issue, a new control system, complete with a flow monitoring and analysis 
 as well as computer controlled injection ports, was developed. Low cost web-cameras 
sed to capture images of the flow progression, which were then analyzed to identify 
isturbances. Using an infusion process simulation tool, the flow advancement was 
ted to identify the optimum corrective action, which was implemented through 
ter controlled injection ports. All the steps of this control system were performed and 
ented in real-time and were repeated a number of times during the infusion stage. 

mental results show that the control system is able to identify flow deviations and take 
tive actions, resulting in reduced resin waste, and improved infusion efficiency.  
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ABSTRACT:  Liquid Composite Molding (LCM) process includes different technologies 
used for producing polymer matrix composites.  Resin Transfer Molding (RTM), widely used 
in the industry because of the good dimensional control, consistent quality and fast cycle 
time, is one such popular LCM technology. In any typical RTM process during mold filling, a 
thermoset resin is injected/sucked into a mold cavity with a pre-placed preform of fiber mats. 
The dual-scale nature of these fiber preforms gives rise to the unsaturated flow in RTM 
process which is characterized by a droop in the injection pressure history due to the delayed 
absorption of fiber tows (the `sink’ effect). In this study, we experimentally investigate the 
effect of change in flow direction in an anisotropic dual-scale fiber mat on the unsaturated 
flow.  A series of 1-D experiments involving constant flow-rate were conducted for the 
unidirectional stitched mats. The droop in the inlet pressure history, signifying the strength of 
sink effect, is found to be strongest for flow along the microchannels aligned with fiber tows. 
The droop, and hence the sink effect, is observed to weaken progressively for flow directions 
at 45o and 90o to the principal microchannel direction respectively. 
 
KEYWORDS: LCM, RTM, mold filling, unsaturated flow, dual-scale porous media. 
 

INTRODUCTION 
 
Plastics reinforced with carbon or glass fibers form the polymer-matrix composite, which is 
gaining popularity in the automobile and aerospace industries due to their low weight and 
high strength. An increase in the fiber volume fraction increases the strength of the composite 
part. To achieve a high fiber volume fraction, it is essential that the fibers be arranged with 
predetermined regularity and packed as bundles of fibers. Liquid Composite Molding (LCM) 
which includes RTM, Vacuum Assisted Resin Transfer Molding (VARTM), Seemann 
Composites Resin Infusion Molding Process (SCRIMP), has emerged as an important 
technology for manufacturing polymer composites. In any typical LCM process, reinforcing 
fibers in the form of fiber preforms are placed in a closed mold, matrix material in liquid form 
is either injected under pressure or sucked into the mold due to vacuum to infiltrate the fiber 
mat. When the mold is full, the matrix material is allowed to undergo a solidification process 
before the final part is removed from the mold. For the thermoset type polymer-matrix 
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composites, the solidification process is a cross-linking reaction called curing that turns the 
resin into a hard brittle solid. 

RTM is a widely used process for producing polymer matrix composites. A significant 
amount of work has been done in modeling RTM mold-filling process for optimizing the 
mold design [1]. Such numerical simulations are essential for predicting the optimum location 
of resin-inlets and air-vents in the mold, the resin injection pressure, the net clamp-force, and 
the optimum cooling-circuit design for controlling temperature in the mold during curing. 
Successful computer simulations are able to improve the mold design in virtual space without 
the need for the expensive and time-consuming trial-and-error approach to mold design.  
 

PREVIOUS WORK ON UNSATURATED FLOW 
 
In most mold-filling simulations, the resin flow during mold-filling in RTM in porous media 
created by fiber mats can be modeled by using the continuity equation and Darcy’s law 
[2,3,4,5]. In most flow models, it is assumed that a sharp interface called front exists between 
the wetted and dry portions of the porous medium during the resin impregnation process and 
the pores behind the flow front are completely saturated with resin. This assumption leads to 
the use of the quasi-steady-state approximation for solving the resin pressure behind the 
moving flow-front in an RTM mold. However, some recent papers [4,5,6,8] show that, the 
assumption of complete saturation behind the flow-front is often inaccurate for the case when 
unidirectional, stitched or braided fiber-mats are used. These investigations show that the 
resin impregnation pattern in these mats is completely different from the pattern in random 
mats, which is characterized by full saturation behind the front. One idealized model of such 
fiber-mat architecture is shown in Fig. 1 below. 
 

 
Fig. 1. Schematic of an ideal dual scale media showing intra-tow and inter-tow spaces and 

flow front propagation along the macro and micro channels. 
 

364 

Here the tows are made of thousands of individual fibers with inter-fiber distances of the 
order of micrometers, whereas the distances between the tows are the order of millimeters. 
This order-of-magnitude difference in length scales in the same medium lead to its 
classification as a `dual-scale’ medium (Fig 2 A). Because of this dual-scale nature of fiber 
mats, when resin is injected into an LCM mold, it quickly passes through the inter-tow 
channel without impregnating the tows. After the front has passed, resin from the surrounding 
gap region continues to impregnate the tows. This delayed impregnation of tow leads to the 
unsaturated flow in LCM process as shown in Fig. 2 (B).  It also causes a sink term S to 
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appear in the macroscopic equation of continuity ∇•v = -S for such dual scale porous media 
[5,11,12]. (v is volume averaged velocity.) This delayed impregnation is also behind the 
appearance of a `droop’ in the inlet pressure vs time (inlet pressure history) plot for the 
constant flow-rate 1-D flow experiment [5,6,9]. Dimensionless parameters `pore volume 
ratio’ and `sink effect index’ based on previous flow models for dual scale porous media [5,9] 
have been successfully used to link the appearance of the inlet pressure droop to the sink 
effect caused by the dual-scale type microstructure of the fiber mats [8,10]. 
 
 

 
 
                                                                       (A) 

 
 
                                                                             (B) 
Fig.2: (A) A typical micrograph of an LCM part made from the directional fiber mats. The 
elliptical patches are the cross-sections of fiber bundles (or tows) consisting of thousands of 
a-few-microns-thick fibers. The dark spaces around the bundles are the large gaps 
surrounding the bundles. (B) Schematic describing the absorption of resin by fiber bundles 
behind the flow-front and creation of a sink effect 
                                                          

PROPOSED WORK 
 
In this paper our aim is to study variation in the inlet-pressure droop, and hence the sink 
effect, due to changes in the flow direction within a dual-scale fiber mat. This will be first 
such study exploring the dependence of the sink effect on flow direction in an anisotropic 
dual-scale fibrous porous medium. 
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1-D FLOW EXPERIMENT 

 
Fig. 3(A) shows the schematic of a simple 1-D flow experiment used for detecting the 
unsaturated flow. (The experimental setup is described in greater detail elsewhere [6,9,10].)  
In Fig. 3(B), a typical  `drooping’ inlet-pressure history, a characteristic of the unsaturated 
flow [6,10], is compared with the inlet-pressure predicted by the conventional physics after 
assuming full saturation behind a moving resin front. The linearly increasing portion of this 
theoretical pressure profile is predicted using 
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2
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where Pin the inlet pressure, ksat is the saturated permeability of the preform, Q is the constant 
flow-rate, µ is the viscosity of the liquid, A is the cross-sectional area of flow, and ε is the 
porosity of the preform. Here Q is measured using a flow meter. The flow meter and Pressure 
transducer (for measuring ∆P) reading is gathered every after 0.6 seconds using National 
Instrument Data Acquisition/Lab view system).  µ is measured using the Brookfield 
viscometer. ε is measured using the dipping experiment. In this experiment one sample of the 
fiber mat is dipped inside a calibrated jar, which is initially filled with water of known 
volume. Once it is dipped the volume change in the jar is recorded. So this volume is actually 
the fiber volume without any pores. Once this volume is known pore volume is calculated by 
subtracting the fiber volume from the total volume. So, porosity is pore volume/total volume. 
The parameters ksat  and tfill-time  are estimated using 
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where ∆P is the pressure drop across a length L under steady-state flow conditions and tfill-time 
is the filling time for the fiber mat. (tfill-time is the time after which the linerly increasing  Pin in 
Fig 3(B) becomes the horizontal Pin = constant line.)  
 

 
(A) (B) 

Fig.3. (A) Schematic of a simple 1-D flow experiment. (B) Typical measured and theoretical 
inlet-pressure profiles for dual-scale fiber mats [6,8]. 
 

A few 1-D flow experiments were conducted using unidirectional fiber mats shown in Fig. 
4. The main characteristic of these fiber mats is that the fiber tows are oriented in one 
direction only. According to the unsaturated flow theory, if these fiber mats are placed such 
that their tows are in the x-direction with flow taking place in this direction as well, then the 

366 



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

resin will flow easily through the inter-tow channels aligned with the fiber tows and the 
characteristic inlet-pressure droop (and hence the sink term magnitude S [8]) will be 
maximum along the x direction. In case of the flow being along the y direction in Fig. 4, 
which is perpendicular to the orientation of the x direction inter-tow channels, will see no 
such preferential flows and the inlet-pressure droop is expected to vanish, and hence S can be 
inferred to be reduced to zero. 

 

 
Fig 4: Unidirectional fiber mat and the anticipated directional dependence of the sink effect. 
(S is the magnitude of the sink term.) 
 
 

RESULTS AND DISCUSSION 
 
Three experiments were conducted: 1) flow along the x direction; 2) flow at 90o  to the x 
direction (i.e. along the y direction); 3) flow at 45o to the x direction. Fig. 5 shows the inlet 
pressure profile when the flow is along the fibers tows (x) direction.  Because of the high-
pressure build up inside the mold, local distortions and shifting were observed in the mats, 
and which caused the inlet pressure profile to be rather tortuous. But the important 
observation is that there is a significant droop in the inlet pressure profile vis-à-vis the 
theoretical pressure profile.   

In the second experiment, the flow is along the y direction such that preferential flow 
along inter-tow channels is absent. In such a situation, the flow is likely to behave like a flow 
in a single-scale porous medium (where no inter-tow channels exist) and the inlet pressure 
profile is expected to match the theoretical pressure profile. Fig. 6 shows the inlet pressure 
profile when the fiber tows in the mat are oriented perpendicular to the flow direction. Except 
for a little shift, which is due to the fiber rearrangement and reorientation, one can see that the 
inlet pressure plot more or less matches the theoretical pressure profile. But after reaching a 
maximum, the pressure gradually decreases because of the race tracking along the edges and 
slow slippage of the mats inside the mold. (Since these fiber tows are very flexible, they start 
to bow down under high inlet pressure creating some preferential flow path at the edges.) 
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Fig.5. Comparison of the experimental inlet-pressure history with the theoretical prediction 
for the unidirectional mat when the flow is along its x direction 

 

 
Fig.6. Comparison of the experimental inlet-pressure history with the theoretical prediction 
for the unidirectional mat when the flow is along its y direction 
 
If these effects after the maximum point are neglected, one can say that the experimental 
pressure profile follows the theoretical one without the characteristic droop, and one can infer 
that the sink term S in the macroscopic continuity equation is zero. So clearly the sink effect 
for flow across fiber tows, as described simplistically in Fig. 2(B), does not work for this 
particular fiber mat! [A single-scale flow model involving saturated flow in a network of low 
and high permeability regions (Shih and Lee [13]) is perhaps a better representation of this 
cross flow. ] 

As these two above experiments are the two extreme cases of the sink effect (in the 
first case it’s very large and in the second case it is negligible), we conducted another 
experiment where the flow was oriented at an angle of 45o to the inter-tow channel direction 
to see if we get some intermediate sink effect. The theoretical and experimental pressure 
profiles for this case are shown in Fig. 7. It is clear from this figure that the inlet pressure plot 
has a small droop and a small sink effect can be inferred. 
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Fig.7. Comparison of the experimental inlet-pressure history with the theoretical prediction 
for the unidirectional mat when the flow is at 450 angle to x direction. 
 
The above-described three experiments are summarized in Table 1. Here the length of the 
fiber mats, the mold cross sectional area, the test-liquid viscosity, and the porosity are kept 
constant at 0.254 m, 0.001715 m2, 0.1875 N-S/m2 and 0.6129, respectively. As can be seen 
from the saturated permeability column in Table 1, the permeability along the fiber tow (x) 
direction is 3 or 4 times more than the permeability across this (or y) direction. So this clearly 
points to the presence of inter-tow channels along the x direction as such channels are likely 
to increase permeability along their length.  

The drooping of the inlet-pressure profile in case of the dual-scale fiber mats has 
serious implications as far as governing equations for temperature and cure are concerned. 
The curing of resin is often an exothermic process where the heat released seriously affects 
the local flow as a result of temperature and cure dependence of resin viscosities. These 
observations provide a strong justification for a new set of governing equations for dual-scale 
fiber mats proposed by Pillai et al. [11,12] where numerous source or sink terms are shown to 
appear in the governing equations as a result of applying the rigorous phase-averaging 
method. The current work suggests dependence of such terms on flow direction in an 
anisotropic dual-scale fiber mat and exploration of such dependence should prove to be a 
fertile research field in future.  
 
Table 1: Different parameters associated with the three experiments 
 Avg.Flow rate 

Q (m3/sec) 
Saturate pressure 
∆P (Pa) 

Saturated perm 
Ksat m2  Eq (2) 

Fill time 
(Sec) Eq(3) 

Flow along 
the fiber 

3.8417E-5 135392 7.708E-9 6.9 

Flow across 
the fiber 

2.869E-5 333802 2.387E-9 9.3 

Flow at 450 
angle. 

3.7386E-5 250000 4.064E-9 7.1 

 
 

SUMMARY AND CONCLUSION 
 
The effect of fiber-mat orientation on the inlet pressure profile in a 1-D flow experiment was 
studied successfully. The dual-scale nature of the unidirectional fiber mats gives rise to the 
drooping inlet pressure profile during injection that deviates significantly from the 
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theoretically predicted profile. Such a droop is shown to vary with the fiber-mat orientation 
and appears to be strongest along the direction of the inter-tow channels. Future studies will 
be directed towards developing a direction dependent sink model for flow in the dual-scale 
fiber mats in RTM. 
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ABSTRACT: A dielectric monitoring system has been developed for the real-time 
sensing of composite manufacturing processes. In addition, optimised durable non-
intrusive interdigitated dielectric sensors have been designed and manufactured for the 
sensing of resin arrival, viscosity changes and resin cure. The cure sensors receive the 
appropriate AC stimuli from the monitoring system while the feedback is recorded and 
processed by the system providing real-time material state-based information (viscosity, 
degree of cure etc.). The flow sensors receive DC stimuli for fast and accurate location 
of resin arrival. A combination of neighbouring flow sensors is capable of providing the 
flow front direction and velocity, which is a valuable information for flow control. 
Furthermore the flow sensors can sense the viscosity variations providing a useful 
indication for the cure evolution until gelation. 
 
KEYWORDS: Dielectric measurements, durable sensors, cure monitoring, flow 
sensing, control. 
 
 

BACKGROUND 
 
Several algorithms for the automatic control of the filling phase e.g. [1, 2, 3] and the 
curing phase e.g. [4, 5, 6] have been presented in liquid composite moulding. However, 
it seems that there is still a lack of intelligent sensors that could provide more 
information to the control algorithms. The development of the present flow sensor has 
been based on the existing platform of the dielectric cure monitoring system VI-
DiAMon developed by Inasco Hellas. 
The dielectric process monitoring system, as shown in Figure 1, has been successfully 
compared with an off-the-self high-quality dielectric analyser in static and dynamic 
tests. The static tests showed the excellent performance of the system over a wide range 
of impedances and at measurements over the frequency range 0.2 Hz to 100 kHz. The 
use of this system for room and high temperature cured epoxy resins for everyday 
production proved its robustness and capabilities to detect the major process milestones: 
resin arrival, minimum viscosity, gel point and end of cure, as shown in Figure 2.  
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  (a) PXI chassis 

Signal amplifier 16 
measurement channels 
Fig. 1. Hardware and software for the VI-DiAMon process monitoring system 
 

.  
Fig. 2. Evolution of the VI-DiAMon dielectric signal (red line, left vertical axis), the 
kinetically estimated degree of cure (blue line, right vertical axis) for the RTM6 resin 

temperature profile (green line, right vertical axis). 
 
In parallel, optimised durable dielectric sensors have been designed and manufactured 
as shown in Figure 3. Both the cure sensor (see Figure 3, left) and the integrated cure 
and flow sensor (see Figure 3, right) receive the appropriate (AC or DC) signals from 
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the monitoring system and their feedback is recorded and post processed by the system 
providing real-time material state-based information. 
 

        
 

Fig. 3. A durable cure (left) and an integrated (right) dielectric sensors. 
 

FLOW SENSING 
 
In liquid composite moulding techniques there is a real need for sensors that not only 
inform the production supervisor with resin arrival at some location but also provide as 
much information as possible of what’s happening inside the mould in order to use this 
information in a real-time control loop. As the installation of such sensors is not an easy 
task in real production environment, it is very important that one sensor can provide as 
much information as possible. So the new integrated sensor with flow and cure sensors 
shown in fig. 3 can provide information on: 

• Resin arrival (flow sensor) 
• Flow front velocity (flow sensor) 
• Flow front direction (flow sensor) 
• Viscosity changes (flow sensor) 
• Gelation, Vitrification and end-of-cure (cure sensor) 

The flow sensor comprises three couples of parallel contacts, which are fed with an 
appropriate DC signal and from the feedback of each couple resin arrival and viscosity 
changes can be detected. The hardware can scan the couples every 0.1 s so a very 
accurate time stamp of the resin arrival at the exact contact spot can be measured. As 
these contacts are very small the combination of three of them in an orthogonal triangle 
can provide the accurate calculation of the local velocity and the direction of the flow 
front using the formulae: 
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where x and y are the corresponding coordinates of each flow sensor’s switches with 
respect to a common local (or global) coordinate system and ti are the corresponding 
time stamps of resin arrival. 
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Fig. 4. Schematic of flow front advancement over the flow sensor. The resin arrival time 

stamps at flow couple locations 2, 1 and 3 are defined by instants A, B and C, 
respectively. 
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CONTROL ISSUES 
 
The real-time availability of flow front velocity and direction can reveal valuable 
information for the current filling pattern and how fast the flow front evolves. Based on 
this information the supervisor or the automatic control software can make appropriate 
control actions if these are required. For example, if a dry spot area is expected at a 
specific region a flow sensor can be installed at an appropriate location in order to sense 
if there is an on-going formation of the dry-spot or it is a normal filling. In the case of 
dry-spot formation appropriate measures can be taken to restore the quality of the 
filling. For the model-based control which is under development for the automatic 
control of the filling process, the availability of such integrated information is very 
important for the performance of the control strategy. 
Furthermore, the possibility of monitoring viscosity changes with the flow sensors 
provides a significant advantage as the cure measurements are particularly demanding 
of CPU and hardware requirements. In contrast, the use of DC-signal for flow sensing is 
much simpler and faster so various configurations are possible according to the 
production requirements. 

 
RESULTS 

 
In order to assess the robustness and the accuracy of the flow and cure sensors many 
trials have been executed with variable fibre volume fraction, type of fibres, type of 
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fabrics and resins for the two main closed mould liquid moulding processes, RTM and 
vacuum infusion. 
 
Flow Front Sensing 
 
In the case of vacuum infusion a small composite part with 6 heavy biaxial NCF glass 
fabrics were infused. As shown in figure 5 the resin enters from a line feeder on the 
right of the part whereas vacuum was applied on the left. Although the resin flow front 
seems evident due to the transparent vacuum bag this represents only the flow front at 
distribution media. Based on the feedback signal from a four-switch flow sensor 
installed at the bottom of the tool there is a significant time lag between resin arrival at 
the top and the bottom of the part. In figure 6, the feedback signal of the integrated 
sensor is shown, while, based on the formulae (1) and (2) the local flow front velocity 
has a magnitude of 0.28 mm/s speed and an angle of 60o with respect to the local x-axis. 
The difference on the signal levels over the sensor contact points is due to the variability 
in the distance of the contacts of the prototype sensor.  
 

 
 

Fig. 5. A: Resin arrival at flow sensor point No 1, B: Resin arrival at flow sensor point 
No 4, C: Resin arrival at flow sensor point No 3, D: Resin arrival at flow sensor point 

No 2. The points are located on the sensor as indicated in Figure 6. 
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Fig. 6. DC feedback signal monitored at the four switches on a flow sensor during the 
resin injection. 

 
Viscosity Changes 
 
When the flow front has passed over the flow sensors, they continue supplying 
important information, such as the resin viscosity changes at the location of the sensor 
contact points. In case there is no cure sensor involved, this information is particularly 
useful as it provides a reliable indication of the hardening of the resin up to the gel 
point. This capability can be seen in fig. 7 at the monitoring the cure reaction of an 
epoxy single component system (Cycom 890 by Cytec) initially for 20 min at 80oC and 
then a heating ramp with 1oC/min. As the resin viscosity drops towards the maximum 
flow point the cure sensor shows a continuous drop of the max imaginary impedance 
whereas the three flow couples (switches 1, 2 and 3) show a continuous increase of the 
voltage measurement resulting from the reduction of the apparent resistance of the resin. 
After the maximum flow point the viscosity starts to rise again so the corresponding 
feedback signals from the flow sensor decrease while that of the cure sensor increase. 
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Fig. 7. Feedback signals at three flow sensing (left axis) and one cure sensing (right 

axis) locations on an integrated sensor during resin injection and isothermal curing of 
the Cycom 890 Cytec epoxy resin. 

 
In fig. 8 a much faster epoxy resin has been tested using the same integrated sensor 
during injection and isothermal curing. In this case there is no maximum flow point 
observed but as the viscosity increases there is a steady decrease of the flow sensors 
signal in contrast to the continuous rise of the cure signal. As expected the flow sensors 
signal levels are nullified after gelation, so that vitrification and end-of-cure monitoring 
can be performed only by the cure sensor. 

 
Fig. 8. Feedback signals at three flow sensing and one cure sensing locations on an 

integrated sensor during resin injection and curing for a fast-reactive two component 
epoxy system. 
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For the handling of carbon fibre parts, a non-conductive fabric of appropriate thickness 
should be used over the cure sensor to avoid short-circuit of the dielectric field. 
However, the flow sensor is not affected so much by the existence of carbon so a very 
thin non-conductive fabric is enough to provide robust measurements. 
 
 

DISCUSSION 
 
Valuable information of the processing status has been provided by the newly 
developed integrated flow and cure sensor with the relevant hardware and software. The 
sensor is robust, non-intrusive and durable providing a reliable basis for real-time 
control.  
 
This information will be combined with a model-based control algorithm developed in 
parallel within the same project and will provide an intelligent system for the automatic 
and optimal processing of composite materials. 
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ABSTRACT: Many high-end industrial applications feature moving parts, which need to be 
positioned very accurately or need to be transported very fast. Examples are parts in large 
milling machines, camera cranes, optical instruments in satellites and medical applications. 
Traditionally, these parts are constructed in metals like steel, or in some cases aluminium. 
Most high-end industrial applications are designed for high natural frequencies to avoid 
problems with vibrations. Composites can offer a further step in achieving a higher accuracy 
or higher speeds. This paper describes the design and production process development of an 
example of a high-end composite industrial application. 
 
 
KEYWORDS: Industrial applications, vacuum infusion, flexible tooling, process control, 
preforming, fibre bridging, degassing 
 
 

INTRODUCTION 
 
The aim of this study is to demonstrate the technical and economical feasibility of the use of 
high-end composites, composite design solutions and composite production processes in 
industrial applications. In some high-end industrial applications, many similarities can be 
seen with the traditional composite applications from the space or aeronautical industry. Not 
just specific strength and stiffness requirements are important, but also specific subjects like 
tolerances, load introductions and joints. Composite materials can offer advantages over 
metals with respect to a higher internal vibration damping and no risk of Eddy currents in 
magnetic fields. If designed properly, composite structures do not suffer from fatigue damage 
which might allow for higher loads or longer design life. For structures performing under 
temperature gradients, composites can be applied in such a way that for a certain temperature 
range zero thermal expansion can be achieved which further enhances the accuracy of the 
application. This paper describes the design and production process development of an 
example of a high-end composite industrial application. The structure is a highly integrated 
carbon-epoxy carrier structure. A redesign from the original milled metal structure was made 
and analysed. It will be demonstrated that composites can offer great advantages and do not 
have any mayor drawbacks, which would prevent the application in most high-end industrial 
applications. 
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DESIGN OF DEMONSTRATOR 

 
The original demonstrator is a milled metal carrier platform. It is a fast moving part which 
needs to be positioned very fast and very accurately. Several sensors are mounted on the 
structure, which needs to stay in place within nanometres. Therefore, the structure needs to be 
very stiff, very light weight and show very high natural frequencies to minimize the risk of 
vibrations and to ensure the required accuracy of positioning. During the service life, 
occasional crash loads can be introduced by surrounding structures by attachments on the four 
corners of the box. After such a collision, the sensors still need to be positioned accurately 
within nanometres. A redesign in composite will have to meet all these structural and 
geometrical requirements.  
 
 
Conceptual design 
 
A conceptual design of the carrier structure consists of a highly integrated carbon epoxy box.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Conceptual design carrier structure 

During a brainstorm session, various manufacturing concepts were considered. Since sensors 
need to be mounted on the outside and the structure was to operate within a limited 
geometrical volume, it was obvious rigid outer tooling was required. For the ease of 
manufacturing and to limit the costs of producing the first prototypes, the structure was 
subdivided in to two separate structures which will have to be assembled afterwards. These to 
structures are the outer rectangular box, including top flanges and a triangular box which fits 
in the outer box. A clever geometrical lay-out will ensure an easy assembly by bonding and a 
proper load transfer after assembly. The substructures will be produced by vacuum infusion in 
single-sided stiff outer tooling under flexible inner tooling. Any design changes like thickness 
changes would then still be possible without the need for new tooling. For future series 
production, pressure infusion in double-sided stiff tooling would be the best option, although 
the inner tooling would have to be divided in several smaller blocks to allow demoulding.  
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Conceptual process development 
 
It was decided to use a resin infusion process. This would allow for the use of a room 
temperature curing epoxy resin systems which would minimize the risk of geometrical 
inaccuracies due to thermal expansion of the mould. Furthermore, infused laminates based on 
fabrics allow for better milling with less risk of delamination. Since a high degree of 
integration is aimed for, conventional tooling can not be used. A dedicated preform method 
based on folding flat cut-outs was developed to be able to produce accurate performs. The 
injection strategy for the structure was validated by infusion simulations and simple infusion 
experiments on flat specimens. The infusion tooling, including the basis infusion strategy is 
shown in Figure 2. The preform is placed in the rigid outer tooling. A flat metal ring is placed 
on top of the preform and mould top ensure a good surface definition of the top side of the 
flange. A preshaped reusable rubber mould is placed in the preform and sealed on the top of 
the rigid outer mould. Resin is introduced along a channel around the top flange. From there, 
the resin flows to a central located vacuum outlet. By infusion at a low absolute pressure and 
curing at a high absolute pressure, in combination with proper degassing of the resin [1], 
airtight tooling and a very accurate fibre preform, a void free laminate can be produced. 
 

resin inlet vacuum outlet 
 
 
 
 
 
 
 

Figure 2: Typical cross-section of infusion tooling 

The final mould system, for the triangular box is shown in Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Mould system for triangular box 
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MATERIAL PROPERTIES 

 
The properties which can be achieved with carbon composites depend on: 

 
− Carbon type:  

o T300 or AS4: Ef1 = 230 GPa 
o IM7 or T800H : Ef1 = 276 – 294 GPa 
o M40J : Ef1 = 377 GPa 

− Fibre orientation:  
o Quasi-isotropic: 25 % 0°, 25 % 45°, 25 % 90°, 25 % -45° 
o Ortho-pref 0/90: 37.5 % 0°, 12.5 % 45°, 37.5 % 90°, 12.5 % -45° 

− Fibre volume ratio, depending on: 
o Production method (RTM, Vacuum infusion, prepreg) 
o Fabrics or UD 
o Process parameters 

 
Preliminary parameter selection 
 
For the first estimates and calculations, a satin weave material is selected since the 
drapeability properties of such a fabric are very good which will be advantageous for the 
production of a box-like structure. The fabric layers are lay-up under 0/90 and +/-45 degree 
orientations to guarantee a quasi-isotropic laminate. For each layer (200gsm) a thickness of 
0.2 mm is assumed. A fibre orientation of ortho-pref 0/90 would be preferable to increase the 
E-modulus. A minimum amount of 12.5% of +/-45 degree is required to guarantee adequate 
shear properties. By doing so, it will also be possible to allow holes in the laminate without 
the need for local thickening of the laminate. To end up with a 2.4 mm ortho-pref laminate, 
three layers of +/-45 and nine layers of 0/90 degree fabric are needed. For other thicknesses, 
other fabric arial weights need to be selected. A fibre volume content of 50% is assumed since 
this can be achieved quite well with infusion processes. By tuning process parameters and 
selecting optimized fabrics, higher fibre volume contents are also possible. For fibre type, the 
common T300 from Torayca (supplier Pechiney) or AS4 from Magnamite (supplier Hexcel) 
are selected. In two steps, fibres with higher moduli are considered. The first step consists of 
IM7 from Magnamite or the T800H from Torayca. The next step consists of M40J from 
Torayca. Higher modulus fibres are also available but the processing characteristic diminishes 
considerably due to increasing brittleness and the prices increases. In the table below, the 
stiffness properties of quasi-isotropic and orthotropic 0/90 laminates are given for a fibre 
volume content of 50%. The properties are calculated by using the classical laminate theory. 
 

Table 1: Laminate properties 

Carbon type T300 of AS4 IM7-5000 T800H M40J 
Fibre 
orientation 

QI OR 0/90 QI OR 0/90 QI OR 0/90 QI OR 0/90 

E1         [GPa] 44.1 53.8 51.6 63.4 54.5 67.2 68.1 84.7 
E2             [GPa] 44.1 53.8 51.6 63.4 54.5 67.2 68.1 84.7 
G12          [GPa] 16.8 10.4 19.6 11.8 20.7 12.4 25.8 14.9 
ν12 0.31 0.16 0.31 0.16 0.32 0.16 0.32 0.15 
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Joints 
 
Not only the two substructures need to be joined together, but there will also need to be 
external parts like sensors attached. These sensors will need to be positioned very accurately. 
The surface of the composite structure will not guarantee this accuracy, not even when this 
surface is determined by hard tooling. Therefore, it was decided to use metal inserts in the 
composite. The position of the holes for the inserts can be determined very accurately by a 
CNC milling machine. In this way, the high geometrical tolerances can be met in a rather 
conventional way by metal pick-up points. Several options for joining the composite parts and 
the metal inserts are considered. Basically, four options for joints in composites are available: 
 

− Form closure  
− Pre-stressed bolts 
− Bonding 
− Close tolerance bolts 

 
Form closure joints are not suitable since this type of joint requires two fitting shapes (for 
instance a cone in a conical hole) which are pre-stressed together. This requires solid 
elements which are not available. Pre-stressed bolt are not suitable since the carbon laminate 
will creep due to the pre-stress. A limited pre-stress up to 15 MPa can be allowed though. 
This pre-stress should then be applied in two steps to allow creeping of the material prior to 
the final pre-stressing of the bolts. It requires a rather large number of bolts to pre-stress a 
reasonable area. The strength of close tolerance bolts can be predicted quite well with existing 
models. However, the geometrical tolerances, especially after peak loads, are not as good as 
required. But in combination with glue, better tolerances and stability can be achieved. Pure 
bonded joints are a good option if the peak loads are limited. The bond line should be thinner 
than 0.2 mm to avoid tolerance problems. The bonding material is relatively weak material 
which good cause deformations of the structure in case of thick bond lines. The close 
tolerance bolts and bonded joints are considered below in more detail.  
 
Close tolerance bolts 
In case of a collision of the structure, loads of 3000N are introduced on the joint. For 2 mm 
laminate thickness, a maximum bolt diameter of 6 mm (D/t=3) can be used for carbon 
laminates [2]. The nominal stress of 3000 N / 2 mm / 6 mm = 250 MPa will be increased by a 
factor 2 due to the single lap condition and by a factor of 1,5 due to the stress concentration. 
The maximum tensile stress is then 250 * 2 * 1,5 = 750 MPa. The design strain under tension 
is 0.9% for carbon T300. This implies that only 484 MPa is allowed. Therefore, the carbon 
needs to be thickened locally to 3 mm: 3000 N / 3 mm / 9 mm * 2 * 1.5 = 333 MPa. This still 
leaves a reserve factor of 1.5 which can be used as material factor. 
 
Bonded joints 
The inserts for the structure need to transfer a load of 2500 N. In case of bonded joints, the 
loads will always have to be transferred by shear forces, rather than perpendicular to the 
plane. For the inserts under review, the dimensions are 45 mm x 45 mm x 5 mm. The average 
shear force is: 2500 N / (45 mm x 45 mm) = 1.23 MPa. This seems low at first sight, but one 
should consider the peak loads at the end of the bond line. These can be estimated by using 
the method of Volkersen [3]. For an aluminium insert of 5 mm bonded to 2 mm carbon 
laminate (T300 OR 0/90) with a bond line thickness of 0.2 mm, peak loads of 10.3 MPa are 
found. By increasing the thickness of the carbon laminates to 6.5 mm, the peak loads 
decreases to 4.6 MPa. The Volkersen calculation method gives a reasonable estimate in 
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trends, but the absolute values are not reliable, as practical validation tests have shown. This 
is caused preliminary by the fact that the not only shear stresses are present in a single lap, but 
also peel stresses due to the excentricity of the joint. These peel stresses can be of the same 
order of magnitude as the shear stresses. FE analyses are better suited to study these effects. 
However, even a FE analysis will not give a complete description of the problem. A 
singularity at the location of the end of the bond line will cause infinite stresses in the model. 
In reality, the details of the geometry of the joint (fillets, radii) and plasticity will determine 
the actual strength. Until now, this can only be determined by practical experiments. The 
measured tensile strength of epoxy bonding systems like Araldite 2015 or 3M 9323 is around 
25 MPa and 42 MPa respectively. Due to a scatter on the strength values, a lower value is 
used as design value. The 3M 9323 showed a scatter of 1.4 MPa; therefore a design strength 
of 39 MPa is used. Based on the Volkersen method, a strength reserve of 3.8 MPa is present. 
The material factor to be used for carbon composites (and joints in carbon composites) is at 
least 1.5. The conversion factor can be assumed to be 1 since temperature, moisture and creep 
do not have an influence in these conditions. If we assume that the load factor is already in the 
loads, we can show that the joint meets the requirements.  
The only remaining failure mode can be fatigue. If the load can occur several times in the live 
of the joint, say a 1000 times, then fatigue should also be considered. To be able to withstand 
this number of loadings, a bonding strength of 21 MPa is required according to a fatigue 
analysis based on R = -1 and k = 10. The materials factor of 1.5 should also be applied to this 
value leading to a minimum required strength of 31.5 MPa, which is still very reasonable.  
 
It should be noted that this analysis is based on several assumptions and uncertainties. The 
Volkersen method it self has proven to be not very accurate in certain cases. It is also 
questionable whether the tensile strength can be used for determining shear strength failure. 
Therefore, the bonded joint should still be subjected to static and fatigue tests. The 
deformation of the joint is 2500 N / (45 mm x 45 mm) / 967 MPa x 0.2 mm = 2.55 * 10-4 mm. 
As long as these deformations are in the elastic region, no problems will occur. If the bond 
line thickness is smaller less deformation will occur. The outer collision structure will 
introduce a load of 300N on the joint. The stresses and strains are a factor 1,2 higher. Fatigue 
might become a load case, which requires a greater interface surface to be able to introduce 
all loads properly. It might also be advantages to taper the inserts near the ends to lower the 
stresses locally.  
 
The close tolerance bolts result in a much lighter joint than the bonded joint, which requires a 
much heavier interface. The tolerance issue can be solved by using a “wet” installation of the 
bolts; a bonding system will then fill up the fitting tolerance. The bonding system does have a 
lower bearing strength than the carbon laminate. The bond compression strength will around 
150 MPa. The bearing stresses can increase up to 3000N / 3 mm / 9 mm * 2 * 1,25 = 278 
MPa. But this value assumes that all loads are taken up by one bolt, and the factor of 2 for a 
single lap is also very conservative. Based on strength considerations, close tolerance bolt 
offer a good solution. Whether the geometrical tolerance requirements can also be met has 
been tested with practical experiments. Several variants of close tolerance bolts with wet 
installation have been tested on coupon level. On a first set of coupons, the static strength of 
the joint was measured. On a second set of coupons, the geometrical stability after the 
occurrence of a peak load of 3000 N was measured. Measurements prior to testing and after 
testing showed no shift in position of the inserts larger than the required stability.  
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Figure 4: Four options for metal inserts in the composite laminate 
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PROTOTYPE PRODUCTION 
 
A prototype of the carrier box is produced. The fabrics are preformed and placed inside the 
stiff outer mould. The metal ring for the definition of the top flanges is attached to the mould. 
Then, the flexible mould is placed inside the preform and sealed along the sides to the outer 
mould. Inlet and outlet tubes are fixed in the rubber mould and vacuum is applied. A vacuum 
of 20 mbar absolute pressure is applied. The air tightness of the mould is checked and the 
epoxy resin is mixed. The resin is degassed at 5 mbar [1]. Then, the infusion is started. As 
soon as the resin has reached the vacuum outlet, the pressure is increased to 600 mbar. After a 
few minutes, the resin inlet is closed and the product is left to cure at room temperature for 24 
hours. A subsequent post-cure at elevated temperature is applied prior to demoulding. Both 
rectangular and triangular box are trimmed and assembled. The assembled structure is shown 
in Figure 5. The metal inserts still need to be positioned and bonded in. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: The assembled carbon carrier structure 

 
 

ACKNOWLEDGEMENTS 
 
This research was made possible with the financial support of TNO Industry and Technology 
and the European Space Agency. 
 
 

REFERENCES 
 
1. Labordus, M, Avoiding voids by creating bubbles. Proceedings of the 20th International 

SAMPE Europe Conference. Paris April 13th-15th, 1999. Centre of Lightweight Structures 
TUD-TNO 

2. Composite Design Handbook for space structure applications. Volume 2. European Space 
Agency. ESA PSS-03-1101. 

3. Volkersen, O., Die Nietkraftverteilung in Zugbeanspruchten Nietverbindungen mit 
Konstanten Laschenquerschnitten, Luftfahrtforschung, 15, 1938, pp. 41 – 47 

388



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

 

                                                

NOVEL FABRICATION METHODS  
FOR (LOW TEMPERATURE) THERMOFORMABLE 

COMPOSITES INTENDED  
FOR MEDICAL APPLICATIONS 

 
*R R Habeb,  R A Khan, S Cozien-Cazuc, Y Jing, A J Parsons, G S Walker, I A Jones,  

C A Scotchford, C D Rudd 
 
Faculty of Engineering, The University of Nottingham, University Park, Nottingham, 
NG7 2RD, UK 
 

Abstract 
 

A novel SRIM-style process – monomer transfer moulding (MTM, Figure 1) - has been developed 
for reactive processing of poly-epsilon caprolactone (PCL) composites for bone replacement or 
fixation. Caprolactone monomer is catalysed using stannous octoate and polymerized in-situ within 
a closed mould.  The material combines the important potentials for low temperature thermoforming 
with safe resorption in a clinical context. The laboratory scale process also facilitates the 
introduction of functional additives to control the rate of resorption (Figure 2). The latter can be 
adjusted to take buffering and tissue regrowth into account. Here we present data on the processing 
and performance of completely resorpable systems based upon novel, high modulus phosphate glass 
fibres and on high performance, durable systems based on carbon reinforcements. The first category 
covers the screening of a range of ternary and quaternary phosphate glasses melt drawing into 15 
micron fibres (Figure 3), the screening of coupling agents and fabrication of plane random and 
unidirectionally reinforced test coupons for durability testing. In the second context, we compare the 
effectiveness of our reactive processing route with a traditional approach based upon film stacking – 
very significant enhancements in mechanical properties are highlighted via MTM (Figure 4) and 
these are investigated by mechanical testing, microstructural characterization and fractography. A 
single fibre fracture test is applied to assess the relative interfacial bonding efficiencies and a 
fabrication method is developed to produce in-situ polymerized specimens. Finally, the properties of 
candidate boneplate materials are examined with respect to in-theatre thermoforming and its impact 
on structural integrity. 
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ABSTRACT:  The present work proposes a methodology to establish the process window for 
void-free carbon fiber-epoxy composites, based on prepregs processed under low pressure. 
The maximal fiber volume fraction that can be attained for a given pressure was measured 
from prepreg compaction curves. Three different prepregs, and two different stacking 
sequences were investigated. The curves all exhibited a very similar behavior, for a given 
stacking sequence, which provided an upper boundary of achievable volume fraction fiber, 
for a given pressure differential. The stacking lay-up was shown to exert an influence, as well 
as the fiber modulus. In addition, the role of the initial resin content and of the consumables 
was evaluated, to show that with a high initial resin content, resin bleed may allow the part to 
reach the maximal volume fraction fiber. On the other hand, with limited bleeding, high fiber 
content may be reached by selecting the initial resin content based on the process window. 
 
 
KEYWORDS: thermoset composites, fiber bed compressibility, low pressure processing 
 
 

INTRODUCTION 
 
High fiber content composites are currently often produced by autoclave processing of 
prepreg plies. Using this technique, composite parts having over 65 vol% carbon fibers and 
less than 0.5% voids are available, mostly for aeronautic or space applications.  The 
increasing use of carbon-epoxy composites, in particular for large structures, such as 
aeronautic parts or yacht hulls now leads us to explore the feasibility of processing these 
materials with the same requirements of fiber and void content using vacuum bag processing 
only, or limited application of pressure.  
When an assembly of prepregs with a given stacking arrangement is processed under a given 
applied pressure (about 0.9 bar for vacuum-bag processing, up to several bars in an 
autoclave), the externally applied pressure Pext is supported both by the fiber network and the 
resin, as follows: Pext= σeff+P, where σeff  is the effective stress supported by the fiber 
network, and P the resin pressure. For a given fiber volume fraction (or compressive strain 
value) σeff is given by the compressive stress-strain curve of the fiber network [1]. This curve 
is easily measured during a compression test on the dry fiber bed. When using prepregs, it is 
tedious and sometimes detrimental to the conservation of the original fiber lay-up to burn or 
dissolve the matrix to measure this curve. Methods are proposed in the literature to extract the 
compaction curve of the fiber bed from step-wise compression experiments of the prepregs, 
by letting the matrix bleed out at each step [2,3]. This curve can then be used to construct a 
process window for the prepreg compaction, knowing the initial fiber volume fraction or resin 
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content, and the level of applied pressure, using the approach proposed by Eom et al. [4,5], 
schematically described in Figure 1. Due to potential shrinkage of the resin during cure, for a 
given applied pressure during the process, any prepreg with fiber content higher than the 
intersect of the compaction curve with the pressure value would lead to a composite with 
voids, since there will be no pressure applied onto the resin during cure to compensate for the 
shrinkage. This intersection point would thus represent an optimal value, which could be 
reached either by using a resin content exactly matched to the process pressure, or by using a 
higher resin content and allowing limited bleeding. The fiber compaction curve thus 
represents the boundary between a sound composite (above the compaction curve) and one 
containing porosity (below the compaction curve). 
 

 
Fig. 1  Schematic view of the process window, the darker arrows represent the value of 

resin pressure for a given initial fiber volume fraction. 
 

In addition, the influence of humidity in the prepreg could be added, following the 
methodology proposed by Kardos [6], which indicated, for a given relative humidity content 
RH in the epoxy based prepreg, that the pressure in the resin should be above Pmin=4.692 103 
exp(-4892/T) (RH),  where T is the cure temperature in K. This shifts the boundary line by a 
fixed amount above the fiber bed compaction curve, for a given value of humidity in the 
prepreg. The presence of volatils or entrapped air in the resin or between plies may as well be 
taken into account, if needed.  
The present work thus proposes to construct and validate the process window for carbon-
epoxy prepregs, with the goal to evaluate the maximal fiber volume fraction that could be 
reached for a given applied pressure to provide a sound composite. Several carbon-epoxy 
prepreg materials with fiber modulus ranging from 230 to 390 GPa were evaluated. 
Processing windows were established, based on the compaction curves of the fiber bed, for 
various fiber lay-ups. Composite parts were then manufactured with several resin contents, 
applied pressure, and humidity level to test the validity of the process map. As a consequence, 
limits in terms of fiber volume fraction can be set to the vacuum-bag production of carbon-
epoxy composites, and potential routes to improve this limit will be discussed.  
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MATERIALS AND EXPERIMENTS 
 
Materials 
 
Three types of prepregs were used, as described in Table 1. The matrix was in all cases 
epoxy, prepreg A having a different matrix than B and C, and the fibers were carbon fiber of 
intermediate modulus. 
 

Table 1  Description of the materials 
 

Prepreg Fiber modulus 
(GPa) 

Fiber 
density 

Resin content 
(wt%) 

Areal weight 
(g/m2) 

A 390 1.82 26-32 300 
B 230 1.8 34 300 or 200 
C 242 1.81 34 160 or 200 

 
Compaction experiments 
 
The compaction experiments were performed following the method proposed in Ref.[2]. A 
compression fixture was designed, schematically presented in Figure 2, with a top piston 
applying load on the sample placed in the bottom part of the mould, which constrains the 
sample in the y direction, but not in the x direction, to allow flow of the resin out of the 
prepregs during the compression experiment.  
 

hh

 
Fig. 2: Schematic of the compression fix

 
The fixture was mounted on a 100kN Interlaken hydraulic press
oven to heat the assembly up to 100°C.  The fixture temper
thermocouples. In a typical experiment, a stack of prepregs
direction, or laid at ±45° was placed in the fixture. The sample d
70 mm long, and about 6 mm high at the beginning of test, cor
layers depending on the fiber areal weight. The sample was th
steps of imposed displacement. The resulting load was recor
displacement was recorded from the press position corrected 
example of curve is given in Figure 3.  At each deformation 
strongly, then decreased as the resin flowed out, to a stable posi
equilibrium stress-strain curve of the fiber bed.  The load curves
an exponential decay.  The number of steps, as well as the test
for each resin type so as to get a best compromise between a lo
enough gel time.  
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Fig. 3: Typical example of imposed displacement and measured load values with time. 

 
Plate manufacturing 
 
In parallel, several unidirectional plates, 1600 mmx1600 mm were manufactured in an 
autoclave, either under vacuum only, or using gas pressure up to 5 bars. The preparation of 
samples was as follows: an aluminum flat plate coated with demoulding agent was used as the 
base mould. The stack of prepregs was laid on the mould, with intermediate vacuum 
compaction every three plies, up to about 18 plies. Consumables were then placed on top of 
the prepregs. Different cases were tested, to investigate the effect of bleeding during cure: (1) 
a non-perforated film was placed directly on top of the prepreg, followed by a breather ply 
and vacuum bag, (2) a perforated film P3 (Aerovac) was placed directly on top of the 
prepregs, followed by a breather ply and vacuum bag, (3) a non-impregnated peel-ply was 
placed directly on top of the prepreg, followed by a breather ply and vacuum bag. In all cases, 
the sides of the sample were sealed with sealant tape to ensure that all potential bleeding took 
place from the top of the prepregs, to simulate the case of large parts. The samples were then 
cured in the autoclave, under vacuum and in some cases with additional pressure, following 
the recommended cure schedule for each prepreg type. The fiber volume content in the plates 

was measured from the final average height of the plates, h, as follows: 
 
V f =

nmof

ρ f h
, where n 

is the number of plies in the laminate, mof is the areal weight of each ply, and ρf is the fiber 
density. This was shown to be the most reliable way to compute this value, in order to 
compare it with the compaction measurements, which are also based on this calculation of Vf. 
The void content was evaluated using image analysis on optical microscopy photographs of 
polished cross-sections. To test the influence of humidity, a plate was prepared along the 
same route, using prepregs which had been initially placed in a climatic chamber at 30° and 
70%RH for one week. 
 

RESULTS AND DISCUSSION 
 
Compaction curves 
 
Fig. 4 presents the compaction results for prepreg A, with a fiber orientation of 0° along the 
mould length, and of ±45°. The points were obtained in a series of several compression 
experiments. Some scatter is observed in the curves, which most probably results from several 
causes: there may be some variability between experiments in the fiber alignment, the width 
of the fiber assembly may slightly vary between experiments (although this is accounted for 
in the calculation of pressure and fiber volume fraction), and  finally, it  was  shown  that  the  
exponential  curve  fitting  used  to  calculate  the  
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Fig. 4  Compaction results, prepreg A, 0° 

and ±45 

 
Fig. 5  Compaction results, prepreg B, 0° 

and ±45° 
 
 
equilibrium points of the pressure curves sometimes tended to slightly overestimate the final 
pressure value. This error was estimated to 3%. However, a trend is clearly shown. The 
curves follow well the power law relation proposed by several authors [7-9], σeff= k Vf

n, 
where k is a constant which depends on the fiber bending rigidity. The value of the coefficient 
n is within the range observed for unidirectional fibers, 20 to 30, as shown in Table 2. As 
expected and already observed by Eom during compaction of dry glass fibers [5], the fiber 
lay-up with alternate orientations leads to a stiffer response of the fiber bed. This was 
however not observed in several other cases [2,3].  
 
The following figures present the compaction results obtained for prepreg B (Fig. 5) and 
prepreg C (Fig. 6), at 0° and ±45°. Prepreg B follows the same trend as A, whereas C shows 
more scatter, and a less marked difference between the fiber lay-up type. This may be caused 
by the fact that these were made from heavy tow fibers, which initially leads to more 
misalignment in the layers. Finally, Fig.7 presents a comparison of the three prepreg types for 
the 0° direction. Whereas B and C follow almost exactly the same curve, A shows a better 
packing, that is a higher fiber volume fraction for a given applied pressure. This may be due 
to several causes: A fibers have a higher modulus, so they are likely to be more straight and 
less misaligned during prepreg manufacturing. Also, it is possible that more tension was 
applied on the fibers during prepreg manufacturing, leading to a denser packing.  
 
 

Table 2  values of coefficients n for the compression experiments 
 

Prepreg/layu
p 

A 0 A ±45 B 0 B ±45 C 0 C ±45 

n 22 31 22 25 20 22 
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Fig. 6  Compaction results, prepreg C, 0° 

and ±45° 

 
Fig. 7  Compaction results, comparison of 

all prepregs at 0° 
 
 
Influence of pressure, initial resin content and consumables 
 
Table 3 presents the various conditions of the plates manufactured, together with the 
measured final fiber volume fraction and void content. In most cases, the void content was 
very low, and it is reported as below 1%, to account for the measurement error. The vacuum 
bag processed samples lead to the highest void content. The samples processed after exposure 
to humidity in the same conditions as P9 are not reported below. They gave a very high void 
content, about 4.5±1.6%, indicating that humidity indeed exerts a strong influence on the part 
quality. However, a reference plate was made with the same prepregs, which were kept during 
one week in an air-conditioned room at 20°C before manufacturing the plate. This plate also 
had a final void content of 5.4±1.6%. As a consequence, it seems that the time out of the 
freezer of the prepreg exerts a much stronger influence than the humidity level. This point 
needs to be further clarified and taken into account when laminating large structures over 
several days. 
For prepreg A, a study was conducted to test the influence of the release films and initial resin 
content on resin bleeding. As reported in Fig. 8, the samples with high resin content were 
subjected to bleeding when the consumables allowed it. The final fiber volume fraction thus 
varied from 56.8% when no bleeding was allowed, to 62.1% when a dry peel-ply was placed 
on the material. In the latter case, the final fiber volume fraction was close to that expected 
from the compaction curve for a pressure differential   
 

Table 3  Conditions of manufactured plates 
 
Sample number P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 
Prepreg type A A A A A A A A B C C 
Total applied 
pressure (bars) 

5.9 5.9 5.9 5.9 5.9 5.9 2.9 2.9 0.9 0.9 3.9 

Initial resin 
content (wt%) 

32 32 32 26 26 26 32 26 34 34 34 

Peel-ply type 1 2 3 1 2 3 1 1 2 2 2 
Final Vf (%) 56.8 57.7 62.1 63.5 63.1 63.8 57.2 63.6 56 57 59.4 
Void content (%) <1 <1 <1 <1 <1 <1 <1 ≈1 1.5 1.3 <1 
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Fig. 8  Role of the consumables and initial resin content on the final fiber content in the 

plates. 
 
of 5.9 bars, about 63%. The prepregs with the low resin content, calculated to achieve the 
maximal volume fraction at 5.9 bars (26 wt% resin should lead to Vf=0.65), all indeed had a 
final volume fraction fiber as expected, whether bleed was allowed or not. 
 

PROCESS WINDOW 
 
As a consequence, a process window can be constructed for each type of prepreg to estimate 
the risk of void content in the final part, for a given processing pressure, initial resin content 
and amount of allowed bleeding. An example is given in Fig. 9, for UD plates made from the 
prepreg A, reporting all samples, assuming that the humidity of the prepregs was negligible.  
It was verified that except sample P8, all plates had a very low void content. Several 
manufacturing strategies can thus be deduced, depending on the resin content of the prepregs 
and the amount of bleeding allowed, based on the consumable type and the resin viscosity 
profile, to reach the maximal fiber volume fraction for a given pressure differential. Fig.10 
reports the process window for prepreg B and C, assuming no humidity, or 70%RH for a cure 
at 100°C, using Ref.[6].  The points corresponding to plates performed under vacuum only 
fall very close to the pressure boundary, close as well to their theoretical fiber volume fraction 
Vf=0.56 based on their initial resin content, and below the boundary with 70%RH. In that 
region, the curve is flat, and the role of volatils and humidity cannot be ignored anymore.  In 
addition, the exact value of the pressure differential is more difficult to assess, in case of a 
leak in the mold or the vacuum bag, for example. The process window is however of use to 
assess the maximal volume fraction that can be achieved with a given prepreg under vacuum 
bagging, and the risks of a given humidity content.  
 

 
Fig.9  Process window for prepreg A 

 
Fig.10  Process window for prepreg B/C 
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CONCLUSION 
 
The present work showed that process windows for sound processing of carbon-epoxy 
composites can be established, simply based on compaction curves of the initial prepreg. It is 
worthy to note that this curve could also be established from the final volume fraction of 
plates cured with free resin bleed at various applied pressures, if a heated press is not 
available. Several strategies can be devised based on these guidelines to process the material, 
depending on the initial resin content and applied pressure during processing. The use of peel-
plies and other consumables then allows the amount of resin bleed to be adjusted to reach the 
maximal fiber fraction. Comparison of prepregs showed that significant differences can be 
observed, for a given direction, depending on the fiber type and possibly on the prepreg 
manufacturing route. As a consequence, it should be possible to reach a fiber volume fraction 
up to 60% with vacuum-bag processing if the fibers are initially well packed during prepreg 
manufacturing. This does not hold, however, if the fiber orientation is alternated during the 
lay-up, as is usually done when manufacturing real parts. Again, the choice of prepregs, such 
as A or C for example rather than B may help achieve higher fiber content and a sound 
composite.  
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ABSTRACT: This paper aims at identifying the main parameters that govern the flexural 
properties of long glass fibre / polyamide 66 injection-moulded parts. The mould geometry 
has been chosen so as to reproduce some geometrical accidents (e.g. sharp frontal and 
tangential steps) occurring on industrial moulds. A Taguchi Design of Experiments (DOE) 
analysis has been devised in order to quantify the processing conditions effects on the flexural 
strength and modulus. The polymer melt temperature is the main parameter acting on the 
flexural properties in both flow and transverse directions. The structure/process/flexural 
properties relationship has then been deduced from a microstructural analysis (local residual 
fibre length and average orientation, interfacial quality). For optimised injection moulding 
conditions, leading to the highest flexural strength in the flow direction, a fibre content 
gradient has been noticed over the part length and width, which is strongly amplified by the 
presence of a sharp geometrical discontinuity. 
 
 
KEYWORDS: Long glass fibre, Injection moulding, Microstructure, Polyamide 66 
 
 

INTRODUCTION 
 
The use of short fibre reinforced thermoplastics in industrial applications is frequently 
hindered by their rather low mechanical performances, because of the low residual fibre 
length after processing. In order to overcome this limitation, long fibre reinforced 
thermoplastics (LFT) have been developed to bring better mechanical properties and to meet 
the market demand thanks to an improvement of the reinforcement efficiency. At the present 
time, LFT is one of the fastest-growing sectors of the plastics industry, especially in business 
areas where high mechanical performances and time stability are required. The automotive 
applications currently account for over 95% of the worldwide demand. In Europe, an annual 
growth rate of 10-12% was observed during the 1999-2002 period and car makers forecast 
further annual growth perspectives of 10% until 2010 for glass reinforced thermoplastics 
[1,2]. Considering the constraints that such engineering parts have to satisfy, it has become 
crucial to gain an accurate knowledge of the processing conditions / microstructure / part 
properties relationship of injection moulded LFT, so as to be able to further optimise their use 
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potential. However most of the studies on processing-induced fibre orientation and 
degradation mechanisms carried out up to now were dedicated to short glass fibre injection 
moulded thermoplastics. Few data is available for LFT injection moulding [3-8], and, in that 
case, investigations have been usually carried out on very simple (plane) parts, mostly on PP 
matrices. 
As a consequence, this paper aims at contributing to an understanding of how the processing 
conditions affects the anisotropy and heterogeneity of long glass fibre / polyamide 6-6. An 
analysis based on a detailed investigation of the injection moulding process at the different 
elementary stages of plastication and flow will be carried out for this purpose. It will lead to 
the identification and subsequent optimisation of the main parameters that improve the 
flexural properties of PA6-6 LFT injection moulded parts. 
 

EXPERIMENTAL 
 
The experiments were carried out on a 2000 kN clamping force injection moulding machine 
(DK Codim). The machine had an injection gate located in the parting line and a standard 55 
mm diameter screw. The prototype injection mould was a rectangular plate of 300 x 120 x 3 
mm. The feeding of the cavity was made by a 4 mm thick fan gate over its whole width 
(unidirectional flow in the longitudinal direction of the plate). This mould was specially 
designed so as to reproduce some geometrical discontinuities (like frontal and tangential 
steps) occurring on industrial moulds and to be able to study the effects of such more or less 
sharp accidents on the flow mechanisms and related part properties (Fig. 1). 
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Fig.1: Plastic part and fan gate geometry and cutting pattern of test samples for fibre content 

(white coupons) and fibre length and orientation (black coupons) determination 
 
A Design Of Experiments (DOE) analysis was devised to identify the main parameters 
inducing anisotropy and heterogeneity of the moulded part, and then to optimise the injection 
moulding process of a polyamide 66 (PA66) reinforced by 40 wt% of 10 mm long glass fibres 
(Ticona). The Taguchi L16 (215) table used included six factors related to the filling, holding 
and plastication stages (Table 1) and six interactions between factors. The level of each factor 
was determined from the material supplier’s data sheets. The others processing parameters 
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(holding time, packing pressure, cooling time …) were kept constant. The output parameters 
were the flexural mechanical properties (strength, defined as the maximum stress, and 
modulus). Bending tests were performed according to ISO 178 on a standard tensile machine 
(Instron) on 5 samples (dimensions 60x25x3 mm) in both flow (longitudinal) and transverse 
directions at the beginning and at the end of the part according to figure 1. 
 

Table 1. Processing conditions for Taguchi DOE 
 

Parameters (or factors) Low 
Limit

High 
Limit

Mould Temperature (°C) MoT 90 120 
Melt Temperature (°C) MeT 280 300 
Volume flow rate (cm3/sec) IS 83 142 
Holding Pressure (Bar) HP 277 440 
Back Pressure (Bar) BP 8 12 
Screw rotation speed (cm/min) SRS 691 1036 

 
For the fibre length measurements, three 25x25 mm size samples were cut from three 
injection moulded plates (Fig.1) and then burnt at 530°C during 5 hours. The burning residue 
was scattered in water by ultrasounds and then dried. The remaining fibres were dropped on a 
glass slide. A polarizing microscope (Jenapol, CarlZeiss Jena) was used in transmission mode 
and associated to a CCD camera coupled to a computer to get and record suitable images. 
These images were then analysed by means of an image processing software package 
(Visilog® 5.2, Noesis). The analysis of 1000 fibres per sample at least led to the determination 
of the average fibre length and the distribution of fibre length. The number-average fibre 
length Ln, the weight-average fibre length Lw and the corresponding standard deviation on 
the sample were calculated according to ISO 22314 [9] 
Finally, the fibre orientation state of the moulded part were describe by the Advani and 
Tucker [10] method that uses the notion of orientation tensors, in order to obtain a complete 
description of the orientation state from a small number of discrete values. Such tensors are 
defined as the dyadic products of the unit vector p averaged over all possible directions, with 
ψ as weighting function. Using an orientation tensor is equivalent to approximating the 
orientation distribution function by a finite term number in a Fourier series. The second order 
ensor at 2, defined by equation 1, was used.  

ptpppa jiij δ),(ψ
2 ∫==  (1) a

 
These tensor values characterize the orientation state with respect to a reference direction 
(observation direction 1), usually the flow direction (a11<0.35 for a perpendicular orientation, 
a11>0.7 for a parallel orientation, 0.5<a11<0.6 for a random orientation) 
 

MANUFACTURING CONDITIONS EFFECT 
 
The main injection-moulding parameters governing the mechanical properties were identified 
from a variance analysis [11]. From a general point of view, all parameters that decrease the 
shear stresses in the melt during plastication and flow increase the mechanical properties 
[6,7,8,11,12]. Melt and mould temperatures as well as volumetric flow rate thus limit the fibre 
degradation and increase the part quality whatever the location may be. A strong anisotropy 
effect was also noticed (properties are on average about 1.3 to 2 times higher in the flow 
direction than in the transverse one) because of a preferential fibre orientation in the flow 
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direction. The geometrical discontinuities increase the anisotropy as they increase the shear 
stresses in the flow and thus the fibre orientations. 
In order to establish the processing – mechanical properties – structure relationship, two 
opposite processing conditions were extracted from the general L16 DOE. The first set of 
processing conditions was deduced from the experimental and analytical model that leads to 
the maximum flexural strength in the flow direction. This set up of injection machine is 
named «maximum combination». The second set of processing conditions was chosen at the 
opposite experimental levels. It is named «minimum combination». The corresponding 
machine set-up for these combinations are summarized in table 2. 
 

Table 2. Processing conditions for the Structure/Process/Property analysis  
 

Parameters Max. 
Comb. 

Min. 
Comb. 

Mould Temperature (°C) MoT 120 90 
Melt Temperature (°C) MeT 300 280 
Volume flow rate (cm3/sec) IS 83 142 
Holding Pressure (Bar) HP 440 440 
Back Pressure (Bar) BP 8 12 
Screw rotation speed (cm/min) SRS 1036 691 

 
MICRO-STRUCTURAL ANALYSIS 

 
Fibre content 
 
The average fibre weight content is 41.5wt% and 42wt% respectively for the minimum and 
maximum combinations. However, the glass weight content measurement highlights a fibre 
accumulation at the parts end section for both combinations, with a maximum of 51wt% of 
fibres noticed for the maximum combination (Fig.2). In the transverse direction, the parts 
beginning section is homogeneous for both combinations, contrary to the end section where 
the maximum fibre content is observed on the symmetry axis (Fig.3). Such a concentration 
gradient was also observed by some authors both for short [13,14] and long fibres [15]. It may 
be attributed to the sweeping towards the parts end of the fibres, which are partially 
embedded at the interface between the frozen and molten layers and broken by flow-induced 
shear stresses. 
For the minimum combination, the mould and melt temperatures are set at their lower level 
and the volume flow rate at its higher level. It is possible to suppose that the shear flow in the 
skin layers is favoured compared to the extensional flow, leading to a higher longitudinal 
migration at least in the first half part of the plate (Fig. 2). The fibre orientation profile, 
measured hereafter, is going to confirm this hypothesis. 
For the maximum combination, the filling time is 1s higher and the freeze time 3s higher due 
to a lower volume flow rate and a higher mould or melt temperature. Even if the shear stresses 
during the filling stage are lower and the frozen outer layers thinner than for the minimum 
combination, the flow effect during the holding pressure stage is greater, and this induces a 
higher fibre concentration gradient. An analysis of the glass content of each layer would be 
required in order to confirm this hypothesis. 
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Fig.2: Glass weight content along the mid-axis of the composite plates 
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Fig.3: Glass weight content along the width of the composite plates. 

 
Fibre length  
 
The maximisation of the processing conditions allows increasing the whole reinforcement 
average length (both number- and weight-average) of about 20% (Tab.3.). 
 

Table 3. Fibre length measurements  
 

 Min. comb. Max. comb. 
 Begin

. 
End Begin

. 
End 

Number-average length Ln (mm) 1.372 1.262 1.503 1.802 
Weight-average length Lw (mm) 3.114 2.661 3.183 3.839 
Standard deviation (mm) 1.573 1.350 1.590 1.917 
Polydispersity ratio Lw/Ln 2.27 2.11 2.12 2.13 
Fibre aspect ratio 91 84 100 120 
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For the maximum combination, the number-average fibre length in the parts end section is 
20% higher compared to the beginning section. This would reveal fibre degradation from the 
secondary flows during the holding stage of the process. A lower viscosity of the melt favours 
the pressure transmission.  
An important degradation of the reinforcement could be observed for both combinations. 
Almost half of the fibres have a length less than 1 mm and only 10% of the fibres are longer 
than 5 mm. The average degradation amount has been evaluated to 80% of the initial average 
fibre length. 
According to the results presented in table 3, most of the degradation occurs in the cavity up 
stream, in the plasticating unit or in the feeding system (nozzle or gate). An evaluation of the 
degradation occurring within the plasticating unit has therefore been carried out for the 
maximum combination in order to understand the fibre degradation mechanism during 
processing. It appears that the fibre degradation occurs mainly in the compression section 
where the degradation amount reaches 70% (Fig.4). 
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Fig.4: Number- and weight-average fibre lengths along the processing system 

 
Fibre Orientation 
 
The fibre orientations were evaluated as well. The Advani-Tucker [10] tensor values (a11) 
were plotted through-the-thickness for the two combinations at the parts beginning and end 
sections (Fig.5). 
The orientation profile is symmetric with respect to the plate mid-plane. Seven elementary 
layers are visible for the maximum combination. There are two skin layers, where the fibres 
are randomly distributed due to the fountain flow, and two oriented layers due to the shear 
flow influenced by the injection speed and the non-isotherm effects. Two random 
intermediate layers resulting from the secondary flows during the holding stage are therefore 
noticed. Finally, a transversely oriented layer is present in the centre of the parts. The 
minimum combination shows a 5-layer composite with two thick shear layers. The effect of 
the holding pressure is similar to that for the maximum combination. At the end of the parts, 
the a11 tensor value does not change through the thickness due to the sample location on a 
weld line, which is created there. 
The fibre orientation mechanisms seem to be those observed for short fibres at least for fibre 
length below one millimetre. A the beginning of the cavity, the fibres take a perpendicular 
orientation in the (1,2) plane due to the divergent flow induced by the fan gate radial 

406



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

stretching. In the first half of the plate, the flow is unidirectional. The fountain and shear 
flows influence the fibre orientations as described by GERARD [13]. The geometrical 
discontinuities disturb the flow and induce a weld line, where the reinforcement is oriented in 
the flow direction (1). 
The thickness of the mould side layer increases from the entry (gate) to the plate end due to 
cooling. This creates a convergent geometry in the (1,3) plane. This effect is all the more 
important than the temperature is lower, even for the minimum combination. 
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Fig.5: Fibre orientation profiles through-the-thickness of the injection moulded part 

 
Interfacial adhesion evaluation 
 
The quality of the interfacial adhesion were evaluated by observation of the fracture surfaces 
under Scanning Electronic Microscope (SEM, Phillips). Generally, the samples moulded with 
the maximum combination are characterised by a better interfacial adhesion. The matrix 
perfectly covers the fibres and a cohesive fracture is noticed. On the opposite, when the 
minimum combination is used, the interfacial adhesion quality is poor, the fibres are smooth, 
the fracture is non cohesive with a matrix/fibre slipping. 
 

CONCLUSIONS 
 
A detailed microstructure analysis of the moulded parts has pointed out some features related 
to optimised processing conditions: 
 a strong fibre content gradient with higher contents at the end of the parts, which can be 

attributed to a longitudinal segregation induced by shear stresses in the melt, and is 
amplified by the presence of sharp geometrical accidents; 
 a higher average fibre length (at least +20% to +40% depending on the location in the 

part); 
 a 7-layer composite structure with a great effect of the holding pressure. 

 
The analysis of the structure of the parts has also shown that the high flexural properties of 
the parts moulded with the maximum combination of machine set-up parameters mainly come 
from the reinforcement content and average length combined to a better interfacial adhesion 
of the matrix around the fibres. 
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ABSTRACT: Injection molding of fiber reinforced polymeric composites is increasing with 
demands of complex products possessing superior mechanical properties of high specific 
strength, high specific stiffness, good fatigue strength and high impact resistance. Complex 
state of fiber orientation exists in injection molding of short fiber reinforced polymers. The 
orientation of fibers can vary significantly across the thickness of injection-molded parts and 
can become a key feature of the finished products. Improving the mechanical properties of 
molded parts by managing the orientation of fibers during the process of injection molding is 
the basic motivation of this study. This experimental work reveals the importance of packing 
pressure and mold temperature in orienting the fibers. 
 
 
KEYWORDS: Injection Molding, Fiber orientation, Packing Pressure, Mold Temperature, 
Reinforced Thermoplastics 
 
 

INTRODUCTION 
 
Injection molding process is capable of producing intricate net shapes without any secondary 
processing and is thus being widely used in the electronic, automotive, aerospace and various 
other industries. Recently, the demand is increasing for geometrically complex and precision 
products, possessing superior mechanical properties. Thermoplastics coupled with fibers, as 
reinforcement, offer a number of advantages in terms of end-use performance to meet the 
desired demand. However, their use can also create several processing-related problems. The 
differential shrinkage between the in-flow and cross-flow directions of fiber-reinforced 
polymers can make it more difficult to determine the appropriate cavity dimensions and to 
prevent warpage. Anisotropic behavior of fiber-reinforced polymers can be attributed to the 
fact that the fibers become oriented during the injection molding process. The orientation of 
fibers varies significantly across the thickness of injection-molded part and can become a key 
feature of the finished product. Improving the mechanical properties of molded parts by 
managing the orientation of fibers during the process of injection molding was concerned in 
many studies. The effects of different parameters such as melt and mold temperature, flow 
rate, matrix and fiber properties, volume fraction of fibers, molding geometry, gate type and 
gate location on the detailed distribution and orientation of fibers in the final products have 
already been presented in many studies. In spite of all of these investigations still the process 
offer challenges on a fundamental level to the understanding of the relations between material 
parameters, processing, structure development, and final properties.  
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There are confusions in the conclusions of many studies [1, 2, 3, 4, 5] in explaining the state 
of fiber orientation at core layer of the molded parts. Fischer [1] explained that at the core 
layer of the part, the melt being pushed forward develops a flattened profile and fibers within 
this region do not orient without a well-developed shear flow. But Malzahn & Schultz [2] 
believed on the rotation of fibers at core region and concluded that the complete transverse 
alignment at the core region develops only after the instant of fill. It can be seen in the study 
of Gupta & Wang [3] who concluded that the in-plane stretching flow causes the fibers at the 
mid-plane to align transverse to the flow direction and the authors [3] in contrast to the study 
of Malzahn & Schultz [2] believed that the fiber orientation is only weakly dependent upon 
the post-filling stage of injection molding process due to a decreased flow field. Bay & 
Tucker [4] concluded that if there is significant in-plane stretching, the core is aligned in the 
principal stretching direction and in the case of no in-plane stretching, the core orientation is 
generated by the flow just inside the gate and is carried down the cavity with little change and 
these cores are more likely to have random-in-plane orientation. Another completely different 
expression can be seen in the study of Folkes & Russell [5] who concluded that the major 
contribution to the condition of the core comes not from flow induced molecular alignment 
but from columnar spherulitic growth that is known to occur around fibers in the absence of 
an externally applied flow field.  
 
Contradictory explanations for the effect of mold temperature on the state of fiber orientation 
can also be seen in the conclusion of a few related studies [3,4, 6]. Gupta & Wang [3] 
believed that under isothermal condition, which means replacing the cold-wall temperature 
with the injection melt temperature; a change in injection speed has no effect on fiber 
orientation. In other words high mold temperature can eliminate the effect of injection speed; 
While Bay & Tucker [4] found that the mold wall temperature has little effect on the fiber 
orientation, even though they believed that the mold temperature could have a large effect on 
molecular orientation or crystallinity in some polymers. It can also be seen in the study of 
Vincent et al. [6] that variation in mold temperature did not affect the fiber orientation 
distribution in the products of their experiments. 
 
In this study, a spiral mold was designed and fabricated to study the effect of packing pressure 
and mold wall temperature on the final orientation pattern of short fibers in injection molded 
parts.  
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EXPERIMENTS 
 
The mold used for this work and the geometry of its products is shown in Fig. 1. 

 

                         
 

a. Spiral mold cavity plate                                              b. The product of spiral mold 
 

  
 

c. Geometry of the product 
 

Fig. 1 Spiral mold and the solid model with geometry of its product 
 
RGF33 NATURAL (TUFNYL, SRF Made), a 33% by weight short glass fiber reinforced in 
Nylon 66 in natural shade, was used in the experiments of this study. Recommended injection 
pressure for RGF33 NATURAL is 1000 -1250 Kg / cm2 (10-12.5 MPa) or sufficient to fill the 
cavities. For this grade predrying of the granules in a vacuum oven at 100 ºC for 2 hours was 
done prior to molding as recommended by the supplier. Recommended temperature setting at 
nozzle was 290ºC for RGF33 NATURAL.  
 
For analyzing the effects of packing pressure and mold temperature on the state of fiber 
orientation, three different Cases I, II, and III were studied. Injection pressure was set at 70% 
of maximum available pressure and injection speed was constant for all the Cases of this 
study. Packing pressure and the mold wall temperature for the three Cases was set according 
to Table 1. 
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Table 1 Process conditions 

 
Case Packing 

Pressure 
(%Max 

Injection 
pressure) 

Mold Wall 
Temperature 

(ºC) 

I 0% 35 
II 40% 35 
III 40% 70 

 
The parts were molded on a L&T Demag PFY40-LNC4P injection molding machine of a 
screw diameter 28 mm, a maximum hydraulic pressure of 16 MPa, a maximum specific melt 
pressure of 175 MPa at the tip of the nozzle and a clamping force of 40 tons (4x105 N) for an 
injection capacity of 60 g.  
 
For analyzing the state of fiber orientation at the core layer, cut-sections parallel to the plane 
of flow at locations A & B as shown in Fig. 2, were prepared.   
 

 
Fig. 2. Cut-sections parallel to the plane of flow at locations A & B for analyzing the state of 

fiber orientation in the mid-plane (Core layer)    
 

 
RESULTS 

 
In the first step of this study, the states of fiber orientation at the core layer in the plane of 
flow for Cases I and II are compared. In Fig. 3a schematic pattern of observed fiber 
orientation and in Fig. 3b and 3c the micrographs of cut-sections for Cases I & II are shown. 
Comparing these micrographs shows higher alignment of fibers in the flow direction at the 
midplane for Case I. However, due to applied packing pressure for Case II, fibers get more 
transverse orientation. Moreover, as can be seen the fibers follow a specific pattern as 
depicted schematically in Fig. 3a such that implying random state of fiber orientation at the 
core layer as understood in earlier works [4, 7], where the specimens were cut at the thickness 
wise cross section, could not be judged appropriately. 
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. 
a. Schematic pattern of fiber orientation at location A (Cases I & II) 

 

   
 

b. Lower degree of transverse orientation of fibers at the centerline (Case I) 
 

 
 

c. Higher degree of transverse orientation of fibers at the centerline (Case II) 
 

Fig. 3 State of fiber orientation in the mid-plane of flow at location A (Cases I & II) 
 
In the second step, for analyzing the effect of mold wall temperature, the state of fiber 
orientation is compared between Cases II (cold and packed) & III (hot and packed) at 
locations A & B. Schematic pattern of observed fiber orientation at location A (close to gate) 
along with related micrographs are shown in Fig. 4. 
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a. Schematic pattern of fiber orientation at location A (Cases II & III) 

 

 
 

b. Higher degree of in-plane transverse orientation of fibers at location Ai (Case II) 
 

 
 

c. Higher degree of out of plane orientation of fibers at location Aii (Case III) 
 

Fig. 4 State of fiber orientation in the mid-plane of flow at location A with higher 
magnification (Cases II & III) 

 
Comparing these micrographs shown in Fig. 4b and 4c indicates higher circular cut-sections 
of the fibers in Case III that from top view represents more out of plane orientation of fibers. 
Since increasing the mold temperature delays heat transfer from the melt to the mold walls, 
the authors attribute the observed state of fiber orientation to the reduction in the viscosity of 
melt, which facilitates the rotation of fibers for getting more out of plane orientation during 
the packing stage. It should be noted that out of plane orientation of fibers could also be 
considered a kind of transverse orientation of fibers with respect to the flow direction. 
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a. Schematic pattern of fiber orientation at location B (Case II & III)  

 

 
 

b. Lower degree of transverse orientation of fibers at location B (Case II) 
 

 
c. Higher degree of transverse orientation of fibers at location B (Case III) 

 
Fig. 5 State of fiber orientation at centerline of mid-plane at location B (Case II & III) 

 
In Fig. 5 schematic pattern of observed fiber orientation at location B for Cases II & III along 
with the related micrographs are shown. The micrographs shown in Fig. 5b and 5c show 
higher degree of transverse orientation of fibers at the core layer of Case III which is the 
product of the hot mold compared to Case II, which is the result of the cold mold. The 
difference in the state of fiber orientation in these two Cases is quite significant and reveals the 
importance of mold temperature as an important parameter in orienting the fibers in the final 
product. 
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CONCLUSIONS 

 
• Packing pressure increases the degree of transverse orientation of fibers at the core 

layer. 
• Increasing mold wall temperature affects the state of fiber orientation by increasing 

further the degree of transverse alignment of fibers at the core layer during packing 
stage.   

• Fibers follow specific patterns at the core layer in the plane of flow such that implying 
random state for expressing the orientation of fibers at the core layer seems 
incomplete. 
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ABSTRACT:  The objective of this study is to develop a predictive model of the shear 
behaviour of textile composites to replace time-consuming material characterisation tests. 
This paper describes an energy minimisation method (EMM) to reduce experimental inputs 
for a predictive model developed in previous studies. The algorithm of the EMM is to 
minimise the summation of the in-plane shear energy dissipated at different regions of the 
composite sheet. A series of in-plane shear characterisation tests, Picture Frame (PF) tests, 
were performed. In order to validate the test results, some essential experimental conditions, 
such as boundary conditions, the direction of the shearing deformation, tow-meander and 
variability, were investigated. Comparisons between predictions and PF test results show that 
the implementation of the EMM is promising. 
 
 
KEYWORDS: predictive modelling, shear behaviour, tow kinematics, Picture Frame test. 
 
 

INTRODUCTION 
 
Predictive modelling of the shear behaviour of viscous woven textile composites is of interest 
to many manufacturers as this can potentially decrease the time required to characterise 
materials and may also facilitate pre-manufacture material optimisation. Both these factors 
may produce significant reductions in processing costs. The overriding motivation is thus to 
make viscous textile composite materials more competitive in terms of both cost and 
functionality. 
 
Multi-Scale Energy Model (MSEM) that predicts the shear behaviour of viscous woven 
textile composites was developed [1]. In the originally published versions of the MSEM [1, 
2], certain experimentally determined input were required in the model. Most of these inputs, 
such as matrix rheology and fibre volume fraction of the composite are easily obtained. 
However, a more difficult to determine experimental input is the so-called ‘tow kinematics’ 
[3]. A tow is a fibre bundle. This term ‘tow kinematics’ refers to the kinematics that reflects 
different deformations between the tow and the overall material. The tow kinematics had to 
be obtained from experimental samples, and used as input for the MSEM before predictions 
could be made [1]. In the current work an energy minimisation algorithm is implemented that 
predicts the tow kinematics by minimising the energy contributions from tow crossovers, tow 
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regions and inter-tow regions. Hence the inclusion of the energy minimisation method means 
that the MSEM requires less experimental input. 
 
Fundamental to the development and evaluation of the MSEM are material characterisation 
experiments. One of the most popular methods of characterising the in-plane shear behaviour 
of woven textile composites is the Picture Frame (PF) test [4]. Certain experimental 
conditions involved in these experiments are analysed. Finally, the MSEM based on the 
energy minimisation algorithm is evaluated by comparing with PF test results. 
 
 

PREDICTIVE MODELLING 
 
The role of the MSEM is to predict the shear force – shear angle – shear rate behaviour of 
viscous textile composites using parameters supplied readily by material manufacturers, such 
as fibre volume fraction, weave architecture and matrix rheology. The model has been 
described in detail previously [2] and so only a brief description is given here. 
 
The meso-scale kinematics observed in many types of viscous textile composites have 
motivated the use of a novel two-phase material model structure to analyse the energy 
dissipation within viscous textile composites. These kinematics have important consequences 
for the deformation occurring during shear, both within tow and inter-tow regions, and also 
between tow crossovers. Namely, the rate of deformation tensor must be derived separately 
for both the tow and inter-tow regions and a further dissipative energy term must be derived 
to account for viscous energy loss at the tow crossovers.  
 
The stress-power in the tow region can be calculated using the constitutive equation for a 
uniaxial ideal fibre reinforced fluid [5]. Within this model appear terms describing the 
longitudinal and transverse viscosities of the tows. These terms describe the dynamic 
interaction occurring between fibres and matrix on a micro-scale. Using micro-mechanical 
modelling principals [6, 7] reasonable predictions for both these viscosity terms can be made 
from the matrix viscosity and fibre volume fraction within the tows. The stress-power in the 
inter-tow region and also between crossovers can be calculated using the matrix viscosity. 
Thus, given the rate of deformation and stress tensor for the tow and inter-tow regions, the 
stress power generated by these regions can be determined.  
 
The velocity field between crossovers is calculated by analysing the in-plane kinematics of 
tow deformation during shear. Using the velocity field and matrix film thickness the shear 
strain rate in the matrix film separating tows at crossovers can be estimated. From these 
calculations an estimate of the rate of energy dissipation can be determined due to shear 
between tow crossovers. By combining the energy contributions from both tow and inter-tow 
shear together with crossover shear, the total rate of energy dissipation during shear of the 
textile composite can be estimated and from this the resistance to shear deformation can be 
determined. 
The meso-scale kinematics were obtained by measurements in the previous papers [1, 2]. In 
order for the MSEM to require less experimental input, an energy minimisation method has 
been attempted to predict the meso-scale kinematics and is described in the following section. 
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Energy Minimisation Method (EMM) 
 
The actual tow kinematics are determined by minimising the energy generated due to in-plane 
tow shear, in-plane inter-tow shear and crossover shear. For example, a low degree of in-
plane tow shear generates a relatively small amount of energy due to in-plane shearing of 
tows but a relatively large energy contribution due to in-plane inter-tow shear and crossover 
shear. Alternatively, a high degree of in-plane tow shear generates a relatively large amount 
of energy due to in-plane shearing of tows but a relatively small energy contribution due to 
in-plane inter-tow shear and crossover shear. The amount of energy dissipated by the in-plane 
tow shear, Eqn (1), is directly related to the longitudinal viscosity of the tows, Lη . The 
amount of energy dissipated by inter-tow regions, Eqn (2), and crossovers, Eqn (3), is directly 
related to the matrix viscosity, mη . The tow angular shear rate, tχ& , determines the in-plane 
shear rate of the tow and inter-tow regions as well as the crossover shear rate. Thus, by 
increasing tχ&  from 0 to  (material angular shear rate) the minimum energy dissipation 
during any small angular increment can be determined. In this way the tow angular shear rate 
corresponding to minimum energy can be determined. The process is demonstrated in Fig. 1. 
Calculations were made for automotive prepreg (4x4 twill weave, carbon/epoxy) using the 
following experimental parameters: temperature = 23

θ&

oC, θ =30o, material shear angular 
velocity =0.0026 rad/s, the tow shear angle for this step θ& tχ = 3o. 
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Fig. 1  Schematic of energy minimisation method to predict the tow kin
 
 
From Fig. 1, tχ&  can be predicted by minimising the total energy increment, w
C. Then tχ  can be calculated analytically. By increasing the material shear
corresponding tχ&  and tχ  can be determined, which induces a form of χ
predicted tow kinematics. 
 
 

CHARACTERISATION TESTS 
 
Material 
 
The material used in this study is a 4x4 twill weave, carbon/epoxy autom
provided by Hexcel Composites in the UK, and its mate
‘M47N/42%/280T4X4/CHS-3K/1000mm’. Specimens were cut into a shape
parallel or perpendicular to the outer edges. The thickness of the un-tested shee
 
Test Procedure 
 
Picture frame test apparatus comprises of four-bar linkage loaded by a Houn
Testing machine through a load cell connected to the crosshead. Four bars a
that the initially square frame becomes a rhombus. 
 
An environmental chamber was used to test materials at elevated temperature
heat-up time the picture frame rig and clamps are heated to the required tem
chamber prior to mounting the sample. Once samples are clamped within the
times must be sufficiently short to avoid epoxy resin cure during testing.  
 
During the test, a constant displacement rate is applied to the crosshead and t
frame force ( ) and the displacement ( ) of the crosshead are measured. 
force versus shear angle is required, then  and  need to be converted th
and (5). 
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where Φ  is the frame angle, and can be related to the shear angle (θ ) through Φ−= 22πθ . 
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Results and Discussions 
 
Effect of boundary conditions 
 
As the test boundary condition is a critical factor in obtaining reliable data [8, 9], two 
boundary conditions were investigated, clamped (four edges of PF are clamped) and pinned 
(three pins at each clamping edge provide shear force to material sheet during testing). It had 
been found that the pinned case is more suitable for Twintex (a 2x2 twill weave, 
glass/polypropylene thermoplastic composite) [4]. Three tests for each case were performed. 
Slight wrinkling occurred in only one test for the clamped case, whereas serious wrinkling 
happened at the start of all tests for the pinned case. This suggests that the clamped case 
should be used in the PF tests for the automotive prepreg used. 
 
Influence of direction of the shearing deformation 
 
There are two directions of shear deformation, positive and negative. A positive shearing 
deformation is defined with the warp fibre directions at an angle of + 45o with the axis of 
loading, as viewed from the front of the PF apparatus. PF test results for a 1/7 satin weave 
(glass fibre reinforced Nylon 12) showed that the force required to shear the composite sheet 
in positive shear was nearly double the corresponding force in negative shear [10]. A theory 
developed in [11, 12] gives predictions consistent with the results of this test. To investigate 
its influence, three tests for each case were performed. The results suggest that the direction 
of shearing deformation for this prepreg has a negligible effect on the PF results, compared to 
variability of PF tests (see the following analysis). 
 
Influence of tow-meander 
 
Ideally, the tows of specimens in the weft direction are straight and perpendicular to those in 
the warp direction. However, in practice, the tows are not exactly straight and perpendicular 
to each other, as shown in Fig. 2(a). In order to investigate the influence of tow-meander, 
three tests were performed with samples taken directly off-the-roll. From Fig. 2(b), the results 
for off-the-roll specimens are much higher than those for the case of straightened specimens 
(i.e. where the material was straightened to improve tow alignment), and show poor 
repeatability. This suggests that test specimens should be straightened prior to testing in order 
to reduce the influence of tow-meander on test data. 
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Fig. 2  (a) The profile of tows in the warp and weft direction in the material roll.  (b) PF 
results with the cases of tow-meander and straightened specimens.  Note that PF results are 

normalised by the side length of the picture frame [4], e.g. the normalised displacement 
equals to the recorded displacement divided by the side length. 

 
Variability of Picture Frame tests 
 
The repeatability of tests can be used to measure the accuracy of the test. The experimental 
errors involved during the tests may be due to misalignment due to cutting material sheets 
from the material roll, aligning sheets, clamping of the material, sample misalignment etc. 
Some PF tests were discarded due to premature wrinkling. Fig. 3 shows the PF results at three 
normalised crosshead speeds. 
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Fig. 3  PF test results at different normalised crosshead speeds to investigate the variability of 

experiments. 
 
 

COMPARISONS BETWEEN PREDICTIONS AND CHARACTERISATION 
 
Predictions from the MSEM using the EMM were made to compare with PF results. Within 
experimental variability, a good agreement between force predictions and experimental 
results is found (Fig. 4(a)), although the shape of predicted curve of the tow kinematics does 
not conform to the measurements (Fig. 5). MSEM predictions at a higher rate, 1.74 min-1, 
were also made to compare with PF test results, shown in Fig. 4(b). The magnitude of force 
predictions increases rapidly as the rate increases, but the shape remains similar. The 
discrepancies between predictions and measurements are thought to be mainly due to the 
accuracy of longitudinal/transverse viscosities used in the MSEM. An suggestion on the 
improvement of these two viscosities was given by [13]. These problems will be addressed 
future work. 
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Fig. 4  Comparisons between force measurements from Picture Frame tests and force 
predictions based on the EMM for automotive prepreg sheet at different normalised 

displacement rates of  (a) 0.11 min-1  (b) 1.74 min-1
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Fig. 5  Comparisons between measurements and predictions of tow kinematics based on the 

EMM at a normalised displacement rate of 0.11 min-1 for automotive prepreg sheet. 
Measurements were obtained from formed hemispheres. The error bars indicate the standard 

deviation. 
 
 

CONCLUSIONS 
 
A predictive model with less experimental input, based on the uniaxial continuum theory for 
ideal fibre-reinforced fluids but applied to woven textile composites, has been developed. The 
meso-scale kinematics for tow deformation that in the original MSEM had to be obtained 
from experimental measurements, such as formed hemisphere, can be predicted by an energy 
minimisation algorithm.  
 
PF tests have been performed and suggest that the clamped boundary condition should be 
used for this particular prepreg, and the effect of direction of the shearing deformation for this 
prepreg can be neglected. The influence of tow-meander is significant, which suggests that 
test specimens should be straightened prior to testing. 
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A reasonable agreement between MSEM predictions and PF test results encourages the 
development of the energy minimisation method. 
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ABSTRACT:  This paper describes the comparison between the simulation results and 
experiments for a basic liquid moulding process. In the simulation, the uncertainty valid 
for the permeability of a textile preform is incorporated in a correlated way. Input data 
for the meso scale correlated permeability distribution is obtained using surface 
scanning of textile reinforcements. The Monte Carlo implementation of the scatter of 
the preform permeability allows generating additional information compared to a 
conventional deterministic simulation software as there are average filling time, 
standard deviation on the filling time and number of times a certain element is not 
filled. Starting from a known injection strategy, the number of times a certain element is 
not filled can indicate the probability to have good parts. On the other hand, the 
coefficient of variation for the filling time output together with the average filling 
allows to find the corresponding macro scale permeability scatter. This information is 
compared with the widely available experimentally observed scatter obtained with the 
radial injection set-up. The influence of the different parameters describing the meso 
scale permeability distribution is also investigated.  Good correspondence is found 
between measurements and simulations. 
 
 
KEYWORDS: Correlated, permeability, stochastic, mould filling simulation, 
experiment, textile geometry 
 
 

INTRODUCTION 
 
Nowadays, the RTM process gains a lot of interest to manufacture composite parts. 
Depending on the textile and the difficulty of the part to manufacture, it is possible to 
encounter problems with the mould filling. To lower the amount of bad moulds or 
injection strategies, one uses mould filling simulations to check the filling behaviour. 
One of the most important parameters in these models are the preform permeability 
values. In the past, several measurement set-ups were developed to characterize this 
parameter in an accurate way for different types of textiles under different process 
conditions. Every researcher ended up with the conclusion to have a reasonably large 
scatter for the macro scale permeability values. Up to now, mould filling simulations 
were performed using average permeability values. As scatter can be quite large for the 
permeability values, unwanted filling patterns are not seen in a deterministic simulation. 
To avoid this, one has to take into account the scatter for the meso-scale permeability. 
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Before, it was already proven that it does not make sense to generate a complete random 
distribution for the permeability as the resulting macro scale scatter is mainly depending 
on the size of the regions to which the randomly defined permeability values are 
assigned [1]. For that reason, a correlated approach is used. Before, there was no 
information available on the standard deviation and the correlation distance for the 
permeability on a local scale (meso). Within this paper, a technique is described to find 
data for the meso scale permeability together with the correlation distance. This 
information is used as input for the stochastic simulation. The outcome of this study is 
then compared with well-known data on the scatter for permeability at macro scale. As 
the technique to find the meso scale permeability information is not that tight, the 
sensitivity of the different parameters is investigated using the developed simulation 
tool based on PAM-RTMTM software from the ESI-group (France). 
 
 

CHARACTERIZING THE MESO SCALE PERMEABILITY 
SCATTER+CORRELATION 

 
To obtain meso scale permeability data, several approaches were tested. Both direct 
measurement of the flow fronts and statistical modelling of textile architecture did not 
result in useful data for the meso scale permeability up to now. The tool presented by S. 
Lomov in this conference opens new possibilities. Another characterisation of the 
scatter for the permeability in a textile is making a link with a property which can easily 
be measured. An example of such a property for a woven fabric or a unidirectional 
material is the channel width. In case of a thin fabric, optical surface scanning can be 
used. In case of thick fabrics, X-ray µCT can be used . It is also possible to use this 
technique for an open channel (for example race-tracking) to define the variability of 
the channel width together with a correlation for this dimension. 
To find the variability together with information about the correlation for thin fabrics, a 
conventional scanner linked to a desktop computer can be used. It is possible to scan 
rather large parts of a textile reinforcement (for example 20 x 30 cm). This allows 
acquiring data in the middle of the textile to avoid too much deformations of the yarn 
architecture due to cutting and in the regions close to the borders. Of course, it can also 
be interesting to see what is the influence of the cutting on yarns which are close to the 
border of the textile. To obtain useful data on the channel dimensions versus position 
along the channel, the textile has to be scanned with a high resolution to result in 
accurate information. A resolution of 2000 dots per inch is satisfactory. This 
corresponds to a measuring resolution of 12.7 µm/pixel. Within a conventional fabric, 
for example the fabric used in the experiments of Hoes [2], the average channel width 
between yarns is 0.5 mm. If no measuring errors are taken into account, the maximum 
relative error that can be made is 2.5% corresponding to this scan resolution.  
Formulas (1) and (2) allow to calculate the correlation valid for a property X. 
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To be able to apply the formulas (1) and (2) to find the correlation distance A for a 
parameter X for M sample points, the measurement of the channel width should occur at 
a constant distance ∆z. As measurements have to be done by hand, one should avoid to 
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small ∆z. A realistic distance for ∆z is the average yarn spacing along a certain 
direction. Afterwards, a control should be done to check if the correlation distance 
found is large compared to the distance ∆z. 

 
Fig. 1 Measurement location for gap dimensions 

 

 
Fig. 2 Example of scanned thin fabric 

 

 
Fig. 3 Example for gap width along warp direction 

 
Fig. 1 shows the measurement locations in case of a plain woven fabric. In Fig. 2 an 
example is shown of an image acquired with a scanner for the textile used in [2]. For a 
particular channel, the channel width along the whole scanned length of the fabric is 
displayed in Fig. 3. From this data, the average value together with the standard 
deviation can be calculated. This results in a gap width equal to 0.51 ± 0.187 mm (COV 
= 37%). Using Equations (1) and (2), it is possible to plot the data for the correlation 
function (Fig. 4). Through this data, a correlation function (Eq. (3)) can be fitted (Least 
squared error principle) resulting in a correlation distance A to be 1.22 centimetre. 
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Fig. 4 Correlation function for gap width along warp direction 

 
With this data, the stochastic information for the meso scale permeability can be 
defined. As permeability depends to the characteristic dimension of a reinforcement in a 
second order way, the standard deviation for the permeability is twice the standard 
deviation of the characteristic dimension of the textile reinforcement. In this 
investigation, a coefficient of variation of 74 % is used along both directions for the 
meso scale permeability. The correlation distance is kept the same as for the gap 
dimension as direct relation between the dimension and the permeability is assumed. 
The average value used for the meso scale permeability in both directions is the average 
value obtained by the experiments. 
 
 

DIFFERENT PARTS IN STOCHASTIC SIMULATION 
 
Preparation of the finite element model 
 
To take into account the stochastic effects for permeability in mould filling simulations, 
the finite element model developed for the deterministic simulation can be used. Within 
this model, the part can be divided in different master zones depending on the number 
of textile materials that is used and the part thickness. Before, average data for 
permeability and other reinforcement parameters is assigned to one master zone. Next 
to reinforcement data, also information on the boundary conditions (injection, vent,…) 
can be defined in the usual way.  Based on this model, the developed preprocessing 
program can be used to read the finite element model and to subdivide the different 
master zones into small sub zones. Within PAM-RTM, only one set of permeability 
values can be assigned to a zone.    
 
Assigning permeability information 
 
Once the finite element model is available, the meso scale permeability data has to be 
assigned. This can be done using the covariation decomposition algorithm [3]. To avoid 
problems with negative permeability values resulting from the normal distribution with 
a large coefficient of variation, a minimum permeability value has to be defined for 
each direction. This results in a disturbed normal distribution. To avoid this, the user 
also has the possibility to use the lognormal distribution. The covariation decomposition 
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algorithm allows to generate input files for the PAM-RTMTM software in a fast way. For 
each file, only a new random set of numbers has to be generated and multiplied with the 
lower triangular matrix resulting from the Cholesky decomposition. 
 
Generation of the input files for PAM-RTMTM

 
Next to the permeability information, also information on the thickness (for thin shell 
models), the porosity and the viscosity of the matrix material has to be defined. With 
the preprocessing program, all this information together with the permeability 
information valid for one of the files out of the Monte Carlo approach is written 
respecting the order necessary for the input files for PAM-RTMTM.  
The generated input files can be solved one by one in an automated way. 
 
Post-processing 
 
Once all the input files are solved with the PAM-RTMTM solver, the interesting data has 
to be filtered out. For each input file, PAM-RTMTM has generated a file containing for 
each element of the finite element model the time for which a certain element starts to 
fill and the time when it is completely filled. If the resin never reaches a particular 
element, this element number is not listed. This indicates an air entrapment in this run 
of the Monte Carlo approach. All these information is stored in memory to be able to 
access it in an easy way.  
For comparison with experimental results, two additional parts were developed within 
the post-processing program. First of all, it is possible to read in a file containing the 
coordinates of sensors placed inside the mould. Based on these sensor coordinates, the 
scatter for the global permeability can be characterized similar to a technique applied 
within experiments. 
Another additional part, is the possibility to fit the flow fronts with ellipses using least 
square error algorithm. This allows to find the scatter for the macro permeability in 
another way. 
 
 

SIMULATION VERSUS EXPERIMENT 
 
Experimental result 
 
In [2], a new set-up to measure the in-plane permeability using central injection 
technique is described. Using this set-up, he was able to perform measurements in a fast 
way enabling to find information about the standard deviation valid for the permeability 
values for textile reinforcements. The set-up used in this investigation is displayed in 
Fig. 5. On Fig. 5, also the different sensors used to define the macro-scale permeability 
are recognizable. 
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Fig. 5 Sensor based set-up of  K. Hoes 

 
For one fiber volume fraction, the obtained data for the permeability on a macro scale is 
displayed in Table 1. 
 

Table1. Macro scale permeability variation based on sensor approach 
 

Direction Average value Standard deviation COV [%] 
Warp 179⋅10-12m² 40⋅10-12m² 22 
Weft 144⋅10-12m² 29⋅10-12m² 20 

 
 

Simulation result 
 
Based on the technique described to characterize the meso scale permeability 
parameters, Table 2 gives the values used to perform the stochastic simulation.  
 

Table 2. Meso scale input information for the permeability 
 

Direction Average 
value 
[m²] 

Standard 
deviation [m²] 

Coefficient of 
variation [%] 

Correlation 
distance [m] 

Warp 179⋅10-12 141⋅10-12 79 0.0122 
Weft 144⋅10-12 114⋅10-12 79 0.0095 

 
If 150 files were generated using the Monte Carlo approach, the following results 
(Table 3) were obtained using the information obtained by the sensors. The formulas to 
obtain the permeabilities along the main axis are given in [4]. Examples of flow front 
versus time taken from different models within the Monte Carlo approach are given in 
Fig. 6. 
These results show good correspondence to the numbers found during the experiments. 
In stead of using the sensor approach, also ellipses has been fit through the different 
flow fronts versus time. With this technique, the center of the ellipse is not forced to be 
at the injection point. The results for these approach are shown in Table 4. The modeled 
origin coordinates are 0.15 along both X and Y direction. The values for the 
permeability also corresponds well to the experimental results. 
The influence of the values for the meso scale permeability and the correlation distance 
is shown in a next paragraph. 
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Table 3. Simulation result for the macro scale permeability based on sensor approach 
 

Direction Average value Standard deviation COV [%] 
Warp 169⋅10-12m² 44⋅10-12m² 26 
Weft 131⋅10-12m² 29⋅10-12m² 22 

 
Table 4. Simulation result for the macro scale permeability using the ellipse fitting 
approach 
 

Direction Average value Standard 
deviation 

COV [%] 

Warp 172⋅10-12m² 38⋅10-12m² 22 
Weft 139⋅10-12m² 27⋅10-12m² 19 
Xz 0.151 m 0.006 m 4 
Yz 0.151 m 0.006 m 4 

 
 

 
Fig. 6 Examples of flow front positions versus time for different runs from the Monte 

Carlo approach 
 
 

INFLUENCE OF DIFFERENT PARAMETERS 
 
To be able to think about the influence of the most important parameters within this 
stochastic approach, namely the correlation distance and the meso scale scatter for the 
permeability, an investigation was set up with an average permeability of 200⋅10-12 m² 
along both warp and weft direction. First, the meso scale coefficient of variation was 
changed (Figure 7 left). It seems that the relation between the meso scale coefficient of 
variation and the macro scale COV is more or less linear for a given correlation distance 
with this set-up dimensions. If a model is built with doubled dimensions, the macro 
scale COV does not change. The influence of the correlation distance is shown on 
Figure 7 right. If the correlation distance would be 0 which corresponds to a complete 
random distribution, the meso scale coefficient of variation would be zero if the zones 
to which the permeability values are assigned are small. If a large correlation distance is 
assumed the limit value for the macro scale coefficient of variation would be 75% (= 
meso scale coefficient of permeability). 
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Figure 7. Influences of main parameters on macro scale coefficient of variation for 

permeability 
 
 

CONCLUSIONS 
 
With this investigation, it is shown that it is possible to use statistical data within mould 
filling simulation software in a useful way. Starting from a property which easily can be 
measured, it is possible to obtain information on the meso scale permeability valid for a 
certain textile reinforcement type. The investigation on the influences of the different 
parameters shows the importance of both parameters. Good characterization of the meso 
scale level coefficient of variation together with the correlation distance is important. 
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ABSTRACT: In this investigation, attempts are made to prepare nano adhesive bonding of 
high performance polymer such as Polybenzimidazole (PBI) (service temperature is –260 0C 
to +400 0C) for its essential applications to aerospace.  In order to prepare high performance 
adhesive, nano adhesive is prepared by dispersing silicate nano particles into the ultra high 
temperature resistant epoxy adhesive (DURALCO 4703, the service temperature of the 
adhesive is –260 0C to +325 0C) at 10% weight ratio with the matrix adhesive followed by 
modification of the nano adhesive after curing under high-energy radiation for 6 hours in the 
pool of SLOWPOKE-2 nuclear reactor with a dose rate of 37 kGy/hr in order to essentially 
increase the crosslink density within the nano adhesive resulting in much improved cohesive 
properties of the adhesive. Prior to bonding, the surface of the Polybenzimidazole is 
ultrasonically cleaned by acetone followed by its modification under low-pressure plasma 
using nitrogen as process gas under RF glow discharge, in order to essentially increase the 
surface energy of the polymer leading to substantial improvement of its adhesion 
characteristics. First, the polymer surfaces are characterized by estimating surface energy and 
then the polymer surface is characterized by Electron Spectroscopy for Chemical Analysis 
(ESCA). The thermal characteristics of the basic ultra high temperature resistant epoxy 
adhesive and the high performance ultra high temperature resistant radiation crosslinked 
silicate nano adhesive are carried out by TGA and DSC and the physicochemical 
characteristics of these adhesives are carried out by the studies under solid state NMR. The 
TGA studies clearly shows that for the basic adhesive, there is a weight loss of the adhesive of 
about 10% when the adhesive is heated up to 325 0C resulting in deterioration of cohesive 
properties of the adhesive over the range of temperatures. However, in the case of the 
radiation crosslinked epoxy-silicate nano adhesive, there is a perfect 100% retention of weight 
of the adhesive when the adhesive is heated up to 325 0C resulting in significant improvement 
of cohesive properties of the adhesive over the range of temperatures. In order to determine 
the joint strength, tensile lap shear tests are performed according to ASTM D 5868-95 
standard. Considerable increase in the joint strength is observed, more than 15 times when the 
polymer surface is modified prior to joining. Joints prepared with the unmodified polymer 
show only a joint strength of 1 MPa and increases up to 15.50 MPa with the surface modified 
polymer.  There is a further massive increase in joint strength up to 25 MPa, when the joint is 
prepared by nano silicate epoxy adhesive and further modification of the adhesive joint under 
high-energy radiation results a further significant increase in joint strength up to 30 MPa. 
Therefore, with all the combinations there is about 30 times increase in joint strength. In order 
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to simulate with aerospace climatic conditions, the joints are exposed to cryogenic (-80 0C) 
and elevated temperature (+300 0C) for 100 hours and further, thermal fatigue tests of the 
joints are carried out under 10 cycles by exposing the joint for 2 hours under the above 
temperatures. When the joint completely kept at ambient condition and the joint strength 
compared with those joints exposed to aerospace climatic conditions, it is observed that there 
is no difference in joint strength. Finally, to understand the behaviour of high performance 
silicate epoxy nano adhesive bonding, the fractured surfaces of the joints are examined by 
scanning electron microscope. It is observed that the joint essentially fails cohesively within 
the adhesive even when the joints are exposed to cryogenic, elevated temperature and thermal 
fatigue conditions. Therefore, this nano adhesive bonding of high performance polymer could 
be highly useful for structural application in future generation aerospace. 
 
KEYWORDS: High Performance Polymer, High Temperature Resistant Adhesive, Silicate 
Nano Powder, High Energy Radiation, ESCA, TGA, Lap Shear Tensile Strength 
 
 

INTRODUCTION 
 
Reinforced polymer laminates especially; the polymers of high temperature resistance have 
many attributes that are highly desirable properties for applications in aerospace structures. 
Often in the fabrication processes, polymer sheets are joined by adhesive rather than by 
welding or riveting. The acceptance of adhesives as a high performance engineering material 
has grown steadily in the last few decades [1, 2]. Adhesives contribute highly to structural 
integrity, ease of manufacturing, enhanced performance, improved safety, and cost and time 
savings. Unfortunately, polymer surfaces are hydrophobic in nature and exhibit low surface 
energy and therefore, represent challenges for adhesive bonding. Hence, surface modification 
of polymers is often carried out to enhance their surface energy to overcome technological 
challenges [3]. 
 
However, the main problem with the application of polymer and adhesive for aerospace is 
high temperatures. This is caused by the aerodynamic friction heating of the structure as it 
moves through the air. Therefore, to solve the problems, it is necessary to use such high 
temperature resistant polymeric sheets such as polybenzimidazole (PBI) sheets, which also 
have excellent cryogenic properties (service temperature ranges from –260 0C to +480 0C). 
The PBI sheet can be joined with another PBI sheet by employing recently developed 
ultrahigh temperature resistant epoxy adhesive (DURALCO 4703, service temperature ranges 
from –260 0C to +350 0C) as this adhesive retains its cohesive properties even when exposed 
to cryogenic atmosphere. 
 
In the recent times, research on polymer-clay nanocomposite has become a very important 
area because it is established that thermoechanical properties of polymer-silicate 
nanocomposite are far superior to those of conventional polymer or polymeric composites [4-
6]. Therefore, with this principle, high performance adhesive can be prepared by dispersing 
silicate nano powder to matrix adhesive and that could open a new dimension on 
theromechanical properties of adhesive bonding. 
 
In view of this observations, in the present investigation, the surface of polybenzimidazole 
sheet is modified by low-pressure plasma using a 13.56 MHz RF Glow Discharge for 120 
seconds at 100 W of power using nitrogen as process gas, in order to essentially increase the 
surface energy of the polymer leading to substantial improvement of its adhesion 
characteristics.  The PBI to PBI sheets are joined with an ultra high temperature resistant 
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epoxy adhesive (DURALCO 4703, service temperature ranges from –260 0C to +325 0C) and 
by dispersing silicate nano powder into the ultra high temperature resistant epoxy adhesive at 
10% weight ratio with the matrix adhesive followed by modification of the nano adhesive 
after curing under high-energy radiation for 6 hours in the pool of SLOWPOKE-2 nuclear 
reactor with a dose rate of 37 kGy/hr in order to essentially increase the crosslink density 
within the nano adhesive resulting in much improved thermomechanical properties of the 
adhesive. The low-pressure plasma exposed PBI surface is characterized by Electron 
Spectroscopy for Chemical Analysis (ESCA). The physicothermal characteristics of the basic 
ultra high temperature resistant epoxy adhesive and the high performance ultra high 
temperature resistant silicate nano adhesive is carried out by TGA. Tensile lap shear tests of 
the adhesive joints have been carried out to determine the effects of these environments on the 
joint strength. Finally, in order to understand the failure mode of the joints, the fractured 
surfaces of the joints after failure under tensile lap shear tests have been examined under 
scanning electron microscope. 

 
EXPERIMENTAL 

 
MATERIALS 
 
In this investigation polybenzimidazole (PBI) sheets of service temperature ranging from –
260 0C to +400 0C, tensile strength of 160 MPa and density of 1.3 gm/cc, were used for 
preparation of adhesive joint by using recently developed ultra high temperature resistant 
epoxy adhesive, DURALCO 4703, manufactured by Cotronics Corp. Brooklyn, NY, USA of 
service temperature ranging from –260 0C to +325 0C. The mixing ratio of resin to hardener, 
curing temperature and time of this adhesive are: 1:0.22, 25 0C and 24 hours, respectively. 
Silicate nanopowder of 50nm of particle size, manufactured by Glassven, La Victoria, Aragua 
2121 United States was used as dispersing nano particles in 10% wt. ratio into the adhesive. 
 
SURFACE MODIFICATION AND SURFACE CHARACTERIZATION OF PBI  
 
Prior to joining, surface modification of the PBI is carried out by RF glow discharge using RF 
power generator that operates at a fixed frequency of 13.56 MHz. In this investigation, the 
surface of the polymer was modified under 120 seconds of exposure under 100 W of power. 
Surface characteristics of PBI are carried out by estimating surface energy of the polymer. 
Unmodified PBI and modified PBI surfaces are also characterized by ESCA.  
 
PHYSICOTHERMAL CHARACTERIZATION OF ADHESIVE 
 
Physicothermal characteristics of the basic ultra high temperature resistant epoxy adhesive 
and the silicate nano powder dispersed ultra high temperature resistant adhesive were carried 
out by TGA. TGA thermograms were obtained on a Universal V2 5H TA Instruments 
equipment, under a nitrogen atmosphere at a heating rate of 10 0C /min, and scanned from 25 
0C to 500 0C.  
 
PREPARATION OF THE ADHESIVE JOINT 
 
The tensile lap shear test samples are prepared using PBI sheets of dimensions 125 × 25 × 6 
mm3 by applying the ultra high temperature epoxy adhesive at an overlap length of 25 mm. 
Any excess adhesive present at the interface was expelled out by pressing the joint under a 
load of 10 kg. The tensile lap shear test is performed according to the ASTM D 5868-95 
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standard, using an Instron Universal Testing Machine under a load cell of 10 kN at a test 
speed of 5 mm/min at room temperature. Three types of adhesive tensile lap joints were 
tested: (i) The basic ultra high temperature resistant epoxy adhesive lap joints of PBI-to-
PBI,(ii) silicate nano powder with 10% wt. ratio was dispersed into the above epoxy adhesive 
and (iii) silicate nano powder with 10% wt. ratio was dispersed into the above epoxy adhesive 
and the joints were irradiated for 6 hours to SLOWPOKE-2 Nuclear Reactor with a dose rate 
of 37kGy/h. The schematic diagram of the reactor is shown in Fig. 1 
 
DURABILITY TEST 
 
From above three types of joints durability of the joints were carried out on the type (iii) 
specimens.  The joints are exposed to cryogenic (-196 0C) and elevated temperature (+300 0C) 
for 100 hours and further, thermal fatigue tests of the joints are carried out under 10 cycles by 
exposing the joint for 2 hours under the above temperatures. For each set of environmental 
conditions, seven joints are tested and the mean value is reported in the result. 
 

RESULTS 
 
ESCA STUDIES ON THE PBI  
 
ESCA wide scan spectra of the unexposed PBI shows the C 1s peak, O 1s peak and a 
significant concentration of F 1s peak as shown in Fig. 2. However, the PBI surfaces exposed 
to low-pressure plasma show significant decrease in F 1s peak, and a small increase in N 1s 
peak as shown in Fig. 3 
 
SURFACE MODIFICATION OF POLYMER UNDER LOW-PRESSURE PLASMA 
AND WETTABILITY 
 
When the PBI surface is modified by low pressure plasma, polar component of surface energy 
increases significantly, however, the dispersion component of surface energy remains almost 
same and therefore, due to the increase in the polar component in surface energy, a 
considerable increase in total surface energy of PBI is also observed as shown in Fig. 4. 
 
TGA STUDIES ON BASIC ADHESIVE AND NANO ADHESIVE 
 
The results from the TGA on physicothermal characteristics of the epoxy adhesive and the 
silicate nano epoxy adhesive are shown in Figs. 5 and 6 respectively. It is found that the 
degradation of the basic epoxy adhesive is a two-stage process: a relatively short stage with a 
very small percent of weight loss beginning at about 125 0C, followed by about 8% of weight 
loss up to 350 0C, attributed a degradation of the adhesive over the ranges of temperatures up 
to 350 0C and thereafter, there is a massive degradation of the adhesive. However, for the 
silicate-epoxy nano adhesive, degradation of the adhesive occurs in one stage as steady state 
continues up to 350 0C and there is no sign of degradation of the adhesive up to 350 0C. In 
this case, the percent of weight loss up to 350 0C is almost negligible as clearly evident from 
the Fig. 6.  
 
LAP SHEAR TENSILE PROPERTIES OF THE PBI -PBI JOINT 
 
Figure 7 shows the lap shear tensile properties of adhesive joints of PBI when the PBI surface 
has been modified by low pressure plasma. The figure reveals that the adhesive joint strength 
of the as received PBI to titanium is 1 MPa and increase to 13 MPa with the modification.  It 
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is observed that there is a considerable increase in joint strength up to 21 MPa, when the joint 
is prepared by nano silicate epoxy adhesive and further modification of the adhesive joint 
under high-energy radiation results a significant increase in joint strength up to 30 MPa as 
shown in Fig. 8.   
 
DURABILITY OF THE JOINTS UNDER LOW TEMPERATURE, ELEVATED 
TEMPERATURE AND THERMAL FATIGUE CONDITIONS 
 
It is observed that when the best joints i.e., the type (iii) joints are exposed to a low 
temperature (-196 0C) as well as an elevated temperature (+300 0C) for 100 hours, and 
thermal fatigue conditions with these temperature variations under 10 cycles by exposing the 
joint for 2 hours at each temperature the joints could retain almost 95 % of the joint strength 
as shown in Fig. 9. 
 

DISCUSSION 
 
This study examined high performance nano adhesive bonding of PBI to PBI, in the context 
of its structural applications for aerospace. Fig. 7 indicates that due to surface modification of 
PBI, adhesive joint strength is significantly high in comparison to the adhesive joint strength 
of as received PBI. This is possible because due to the increase in surface energy of PBI, 
essentially contributed to retaining the interfacial strength with the adhesive.  
 
It is well documented by various researchers that thermophysical and thermomechanical 
properties such as melting, crystallization, thermal conductivity, coefficient of thermal 
expansion, tensile and breaking strength of epoxy as well as polyolefins improves 
considerably due to incorporation of silicate nano powder in to the matrix polymer [3-8]. The 
present investigation of nano adhesive bonding of PBI by dispersing silicate nano powder to 
ultra high temperature epoxy adhesive also shows a similar trend as there is a considerable 
improvement of thermophysical and thermomechanical properties of the adhesive. This is 
because in respect to any adhesive, the thermomechanical properties of silicate are 
significantly high and therefore, that essentially influence the overall performance of the 
adhesive. 
 
An earlier investigation on influence of high-energy radiation on polymeric composite reveals 
that there is a considerable increase on the mechanical strength on the polymeric composite 
when exposed to high-energy radiation [7], because the exposure under high-energy radiation 
increases crosslink density within the polymer, essentially affecting the overall behaviour and 
mechanical properties of the polymer. Therefore, with the exposure under high-energy 
radiation, mechanical properties of the adhesive joint increase significantly because of 
increasing crosslink density within the adhesive [7, 8]. Therefore, in this investigation, the 
joints are essentially exposed to high-energy radiation so as to promote crosslinking within 
the adhesive by high-energy radiation, and as surface modified PBI to titanium adhesive joints 
essentially fail cohesively within the adhesive, so it is a clear justification to increase the joint 
strength up to 30 MPa with the nano adhesive bonding.  However, when these PBI - PBI 
joints are exposed to climatic conditions such as elevated as well as cryogenic temperature 
related to aerospace and space conditions, the joints could retain the joint strength of about 
95% of strength of the joint kept under ambient conditions. However, this could be within the 
acceptable limit in respect of aerospace applications. 
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CONCLUSIONS 

 
The present investigation has led to the following conclusions: 

(i) Polar component of surface energy leading to total surface energy of the polymer 
increases significantly due to surface modification of polymer by low pressure plasma 

(ii) The adhesive joint strength of PBI to PBI increases considerably from 1 MPa to 13 
MPa, when the PBI surface is modified by low pressure plasma. 
 
(iii) There is a significant increase in joint strength up to 21 MPa, when the joint is 
prepared by nano silicate epoxy adhesive 
 
(iv) When the joints are irradiated for 6 hours in the pool of SLOWPOKE-2 nuclear 
reactor, there is a further improvement of joint strength up to 30 MPa. 
 
(v) When the joints are exposed to low as well as elevated temperature for 100 hours, and 
thermal fatigue conditions, the joints could retain about 95% of their the joint strength with 
respect to the strength of the joint tested under ambient condition. 
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Fig 1. Schematic diagram of SLOWPOKE-2 nuclear reactor. 
 
 

 
Fig 2.  ESCA widescan spectra of unexposed polybenzimidazole surface. 
 

 
Fig 3. ESCA widescan spectra of polybenzimidazole surface modified  
by low pressure plasma. 
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Figure 4. Polar, dispersion and total surface energy of polybenzimidazole when 
the polymer surface is modified by low-pressure plasma.

 
 
 

 
Fig 5. TGA plot of the basic high temperature resistance epoxy adhesive. 
 

 
Fig 6. TGA plot of the high temperature resistant epoxy adhesive when silicate nano powder 
dispersed in to the adhesive in 10% weight ratio. 
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Fig 7. Lap shear tensile strength of adhesive joint of surface modified polybenzimidazole. 
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Fig 8. Lap shear tensile strength of the joint prepared with basic epoxy adhesive, nano silicate 
epoxy adhesive and the nano silicate epoxy adhesive joint exposed to SLOWPOKE-2 Nuclear 
Reactor for 6 hours. 
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Fig 9. Durability under cryogenic, elevated temperature and thermal fatigue conditions of 
high performance nano silicate epoxy adhesive joint. 
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ABSTRACT:  The powder impregnation of carbon fiber rovings with low viscosity PA6T/6I 
polyphthalamide oligomers for the reactive moulding of unidirectional fibre-reinforced 
thermoplastic composites for high temperature applications was investigated. In order to 
impregnate the continuous carbon fiber tow with the PA6T/6I oligomer powder an 
electrostatic powder spray impregnation technique was developed and the material system 
was characterized. The most pertinent material parameters were determined to establish their 
influence on the desired powder impregnated prepreg. The oligomers undergo a nonreversible 
cold crystallization process on heating. The time and temperature interval of this solid state 
transformation is very sensitive to the applied force field. The definition of a suitable process 
window with respect to the external forces is necessary to avoid cold crystallization and to 
effectively impregnate the fibers. 
 
 
KEYWORDS: Thermoplastic matrix composites, PPA, oligomers, cold crystallization, 
powder impregnation, reactive processing, in-situ polymerization. 
 
 

INTRODUCTION 
 
There is a growing interest in the industry in producing high quality thermoplastic composite 
parts for structural and high temperature applications. In response to this driving force an 
innovative stamp forming process with a reactive thermoplastic material system is currently 
being researched and developed aimed at cost-effective processing polyphthalamide PA 6T/6I 
in the field of continuous-fiber high temperature resistant composites. 
 
Semi-crystalline polyphthalamides (PPA) are semi aromatic high performance engineering 
thermoplastics that bridge the cost-performance gap between traditional engineering 
thermoplastics such as polycarbonate (PC), polyamides (PA), polyester (PET, PBT), acetals 
(POM) and higher-cost specialty polymers such as liquid crystal polymers (LCP), 
polyphenylene sulfide (PPS) and polyetherimide (PEI). PPA resins and in particular 
copolyamides based on hexamethylenediamine, therephthalic acid and isophthalic acid (PA 
6T/6I) have excellent mechanical properties (e.g. strength, stiffness, fatigue, creep resistance) 
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over a broad temperature range. PA 6T/6I resin features an excellent stiffness-to-cost ratio 
and a high strength-to-weight ratio, both of which are superior relative to PBT, PPS, PEI, PET 
and PA 6,6. Its thermal performance is exceeded only by polyetheretherketone (PEEK) and 
some LCPs. PA 6T/6I resin has lower moisture absorption than PA 6,6, and its broad 
chemical resistance is exceeded only by few more costly specialty polymers. This 
combination of features provides PA 6T/6I resin with the potential to reduce weight, cut 
costs, and deliver long service life for all types of automotive components, including parts for 
fuel, transmission, braking, and engine systems [1]. 
 
This paper discusses the impregnation of carbon fibers with the low viscosity PA 6T/6I 
oligomer powder. The most pertinent material parameters were determined to establish their 
influence on the desired powder impregnated prepreg. The oligomers undergo a nonreversible 
cold crystallization process on heating. The time and temperature interval of this solid state 
transformation is very sensitive to the applied force field. The definition of a suitable process 
window with respect to the external forces is necessary to avoid cold crystallization and to 
effectively impregnate the fibers. 
 
 

EXPERIMENTAL 
 

Material 
 
The PPA oligomers (PA 6T/6I, XE 3733 VK) utilized in this work are the intermediates in a 
two-stage method developed by EMS-CHEMIE AG for the production of partially aromatic 
polyamides. Because of the typically very high structure-dictated melting viscosities of such 
polyphthalamides, the polycondensation with a single-stage batch process must be stopped at 
a very early stage to enable discharging the melt from the autoclaves and processing it into 
granular material. Limiting the average molecular weight of these polymers to comparatively 
low values has a very negative effect on their mechanical properties. In order to overcome 
these problems, the production process of PA 6T/6I at EMS-CHEMIE involves a continuous 
process for the production of precondensates (prepolymers), in which monomers condensate 
to oligomers (up to 10 repeating units). In a final reaction stage the precondensates are melt 
polymerized in a double-or single-screw extruder into high-molecular weight 
polyphthalamide [2]. The low cost PA 6T/6I precondensates are readily produced especially if 
compared to cyclic oligomers and allow the development of an in-situ polymerization process 
for large manufacturing volume applications and reduced production costs [3]. 
 
Powder impregnation and reactive processing 
 
The reactive stamp forming process is based on prepreg technologies, reactive processing, 
and direct stamp forming. In a first stage, carbon fiber rovings are impregnated with the PPA 
precondensat powder by powder impregnation technique in order to reduce the distance to 
flow of the low viscosity thermoplastic prepolymer.  
 
The powder impregnation process developed in this work utilize an electrostatic powder spray 
gun to charge and deposit the PA 6T/6I oligomers powder onto a continuous carbon fiber tow 
[4] A schematic of the electrostatic spray impregnation process is shown in Figure 1. The 
process uses a bi-directional fiber tensioner to maintain constant tension in the fiber tow. A 
pneumatic fiber spreader spreads the fibers, just prior to coating the fibers. An ITWGema 
EASY 1-L powder coating equipment is used to coat the spread carbon fibers with the 
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oligomeric powder. The coated fibers are then passed through an infrared heater to melt and 
adhere the powder to the fibers. The towpreg is then wound onto a take-up mandrel.  
 

Figure 1. Schematic of electrostatic powder spray impregnation process 

Fiber Tensioner 
Electrostatic Powder 
Spray Gun 

Fluidized Powder Bed Cyclone Separator 

Fiber Spreader 

Infrared Heater 

 
In a second stage, the oligomer powder coated prepregs are heated to the melt temperature of 
the oligomers in a hot press and pressed so that the oligomers, thank to their low melt 
viscosity, can easily flow and achieve high wetting and impregnation quality of the fibers. 
Finally, the temperature is raised between the glass transition and the onset of melting in 
order to induce the oligomers to polymerize in solid state and the so formed polymer to 
crystallize while the entire mass of material is shaped. 
 
Rheological characterization 
 
Solution Viscosity 
 
Solution viscosity measurements of oligomers were carried out at concentrations of 0.1 g/dL, 
0.3 g/dL, 0.5 g/dL und 0.7 g/dL in 98% sulphuric acid in a Paar Physica MC 300 rheometer 
using Couette geometry. The intrinsic viscosity [η] of oligomers was calculated from the 
reduced viscosity ηsp/c by extrapolation to zero concentration. 
 
Complex Viscosity 
 
The complex viscosity of the PPA oligomers was investigated with a Paar Physica UDS200 
rheometer in a parallel plate configuration. All measurements were carried out under nitrogen 
atmosphere to prevent degradation or absorption of moisture. The oligomer powder was 
pressed to pills of 20 mm diameter with pressure of 160 MPa and 1 MPa at 140°C.  
 
Thermal Characterization 
 
A Perkin Elmer Pyris 1 DSC instrument calibrated using indium was used to study the 
melting, cold-crystallization and polymerization behaviour of PPA oligomers. All DSC non-
isothermal tests were performed from 80° to 350°C at a constant heating rate of 10°C/min 
under nitrogen atmosphere to prevent high temperature oxidation. 
 
 

447



The 8th International Conference on Flow Processes in Composite Materials (FPCM8) 
Douai, FRANCE - 11 – 13 July 2006 

RESULTS AND DISCUSSION 
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Fig. 2. DSC temperatures scan of PA 6T/6I precondensates from 80°C to 350° C at 10°C/min: 
a) upper curve is the heating curve b) lower curve is the cooling curve 

 
A typical DSC temperature scan of PA 6T/6I precondensates from 80°C to 350°C at 
10°C/min is shown in Fig. 1. The as-received oligomers show seven distinct transitions in the 
heating (upper curve) and cooling curve (lower curve). Peak 1 represent a glass transition (Tg) 
step with a strong pronounced enthalpy relaxation [6] where the oligomers undergo softening. 
The peak temperature and enthalpy are strongly dependent on the thermal history of the 
sample. On further heating from the glass transition the oligomers are brought to crystallize 
(peak 2). The cold-crystallization behaviour observed for PA 6T/6I oligomers arises from the 
short chain lengths and low level of entanglements of the molecules: in the solid state the 
mobility of the short chain molecules is strongly reduced but above glass transition 
temperature they can easily rearrange and crystallise in a paraffin-like structure (fully 
extended chain crystals). The stability of this configuration is further increased in the case of 
polyamides, which can form hydrogen bonds between the chains [7]. Between 220°C and 
305°C peak 3 can be identified as a broad endothermal peak where polycondensation and 
evaporation of the reaction by-product water take place. Peak 4 between 305°C and 345°C is 
a double melting peak of the formed polymer. In the cooling curve (lower curve in figure 1) 
one crystallization peak form the melt can be identified between 280°C and about 210°C and 
one glass transition temperature at 130° C of the final polymer.  
 
Powder impregnation process window 
 
Cold-crystallization of the low molecular weight PA 6T/6I oligomers was found to be very 
rapid as shown in figure 3 from the cold-crystallization half time. At a temperature lower than 
155°C 50% of crystallization is attained in a time scale of several minutes, while above 155° 
the half time decreases to seconds. At 180° the oligomers are fully crystalline after few 
seconds. The cold crystallization of PA 6T/6I oligomers is not a reversible process: once the 
oligomers are crystallized, they can not be remelted. The powder impregnation process has, 
therefore, to occur at a temperature lower than 155° in order to fully impregnate the fibers and 
to avoid cold crystallization.  
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Fig. 3. Crystallization half-time of PA 6T/6I oligomers 

 
The intrinsic viscosity of short chain PA 6T/6I oligomers was found to be very low with [η] = 
0.07 dl/g, especially if compared, for example, to low molecular weight PET and PEN 
oligomers with [η] = 0.2 dl/g [8]. The low molecular weight oligomers begin to soften at 
135°C, but they were found to melt only under shear force. In order to measure the complex 
viscosity at 140°C the oligomer powder was pressed to pills of 20 mm diameter under two 
different pressures. The complex viscosity values [η*] of the oligomer powder pills (pressed 
at 140°C with 160 MPa pressure) measured as a function of time at 140°C are very high, [η*] 
> 104 Pa·s, as shown in Figure 4. On the other hand, complex viscosity of oligomer powder 
pills pressed at 140°C with pressure of 1 MPa show much lower values, [η*] > 102. Further 
investigations were carried out to study the effect of pressure on the cold crystallization 
process with a torsional resonance rheometer. 
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Figure 4. Complex viscosity values versus time for PPA oligomer powder sample pressed at 
140°C with different pressure. 

 
The time and temperature interval of cold crystallization was found very sensitive to the 
applied pressure force: increased applied pressure induces the PPA oligomers to crystallize at 
lower temperature and with increased crystallization rate [9].  
This behaviour could be explained by the increase of orientation of the short oligomer 
molecules with increasing applied pressure. Pressure could give rise to a more ordered 
structure as in the case of drawing and cold crystallization in poly(ethylene therephthalate) 
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fibers [10]. The oligomer segments are shorter than the macromolecules and therefore easier 
to orient with pressure. The ordered segments are easily arranged into the crystal lattice, 
making the onset and the end temperature of oligomer crystallization shift to lower values. In 
other words, the orientation of amorphous phase promotes a substantial increase in 
crystallization rate. 
The low viscosity of the PPA oligomers could not be measured do to the necessity of press 
the oligomer powder to pills for the rheological measurements. The applied pressure induced 
partial crystallization of the oligomers that surely affected the measured viscosity values. The 
low oligomer viscosity was proved during impregnation of the prepregs and has to be taken 
into account in order not to excessively impregnate the fibers and to maintain the flexibility of 
the prepreg. 
 
 
Conclusions 
 
Low molecular weight PPA oligomers begin to soften at 135°C but melt only under shear 
force. On further heating the oligomers undergo a non-reversible cold crystallization process. 
This solid state transformation was found to be very rapid: above 155°C crystallization half 
time of the material is only few seconds. Therefore, an efficient powder impregnation process 
has to occur at a temperature lower than 155°C in order to preimpregnate the fibers and to 
avoid solid state transformation. The time and temperature interval of cold crystallization is 
very sensitive to the applied pressure force: increased applied pressure induces the PPA 
oligomers to crystallize at lower temperature and with increased crystallization rate. Finally, 
the very low viscosity of the PPA oligomers was not proved do to the necessity of press the 
oligomer powder to pills for the rheological measurements. The low oligomer viscosity was 
proved during impregnation of the prepregs and has to be taken into account in order not to 
excessively impregnate the fibers and to maintain the flexibility of the prepreg. 
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ABSTRACT: Structure and mechanical properties of sandwich injection moldings are 
investigated as well as flow behavior of materials in the process in order to obtain well 
controlled sandwich injection moldings. It has been found that there are four processes of 
flow behavior in sandwich injection molding as shown in Figure 1: (1) primary injection 
process, (2) core material injection process, (3) core material expansion process, and (4) core 
material break-through process. In the “primary injection process”, only skin material is 
injected into cavity, and it is followed by core material injection into skin material in the “core 
material injection process”. In the “core material expansion process”, core material growths 
with skin material at the flow front, and the core material break through skin material at the 
flow front in the “core material break-through process”. It has been found that the 
break-through behavior of core material is dependent on injection conditions such as injection 
speed and injection pressure, however the primary parameter to the break-through behavior is 
melt tension of skin material. The occurrence of the core material break-through can be 
minimized when high melt tension materials are used as skin material as shown in Figure 2. 
 
Well controlled polypropylene (PP)-based sandwich injection moldings with biodegradable 
polymers in core are molded based on the above results in order to investigate 
structure-property relationship of the sandwich injection moldings for automotive applications. 
Two types of compatibilizers are used to improve interfacial adhesion between skin and core 
parts. Microstructure of PP in skin and at the interface is investigated. Effects of MFR of PP, 
compatibilizers, and injection molding conditions on mechanical properties of PP-based 
sandwich injection moldings are discussed. Special attention is given to skin-core adhesion 
properties and its effect on mechanical properties of sandwich injection moldings. The 
skin-core adhesion properties are evaluated by modified peel tests. The final goal of this study 
is to provide the concept to design sandwich injection moldings for target properties based on 
material selections of skin, core and compatibilizer, and injection molding conditions. 
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Fig. 1  Four process of flow behavior in sandwich injection molding. 
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