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This final report was submitted by Dr. Norman E. Dowling of Virginia Polytechnic 
Institute and State University, Department of Engineering Science and Mechanics, 
Blacksburg, VA for work completed under NASA Research Cooperative Agreement 
NCC1-01037.  The period of performance was April 12, 2001 – September 30, 2004.  
Mr. Roberto J. Cano was the LARC Technical Officer. 
 
The report is divided into two major sections.  The first part includes the final report 
prepared by Dr. Alfred C. Loos for research that was initiated at Virginia Polytechnic 
Institute and State University and completed under subcontract at Michigan State 
University.  The second part includes the final report prepared by Dr. Pascal Hubert for 
research that was conducted under a subcontract with McGill University. 
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Reinforcement
Preform

Optional
Vacuum
Assistance

Resin
Injected
under
Pressure

Press or Clamps to Hold
Halves of Tool together

���1�� �"�� �2& ���������� ��	����� �������

/��11� ������� ����� 2������� &������ 3/��2&4 	��  ��� ��������� �� � ������ ��

	� ��������� �2& ������� � ���1�� 	� ��� ��� ������ ��Æ�1���� ��������� 5�	 �����

���� ����" *� /��2&� 	� 1���� 	��� �� � ����������� ���� �� ��������  ) � ���11�  ��"

2	�� ��������� 	� ���� ��� ��9��� � ������� ���	�� ���� ���� �� �� 	� �����������

�2& �������" ���" �"� �	�5� � ��������:�� ��	����� ������� �� 	� /��2& �������" �����

	� ���11� �1�� �� 1���� �� � �8��� ��� ���� 	� ������� ����� �)" ���� 	� �)��� 	��

 ��� �<1��� ���� ��� ��� ��� ���9� 	���  ��� ���������� 	� ����� �� ����5�� � 7�5 ��� 	�

�������" � �����1�� �� � �� ��������  �	 	� ������� ����� ��� 	� ����� � ��������� 	�

������������ ��� 	� ����������� ����� � ������ 	� ������� � 	� ������� 6 �� ���1��

�������" 2	� ���11� �� ��� �� 1��� 	� ����� 	�� ��������) ������" 2	� ��� ��) 	��

 � �1��� � ���� ������1�� �� �� �� ����" %1� � 	� ��5 ��D����� �����1�� 3� ��4� �

����� ����� 1��� ����1� 5�	 	��	 ������ ���) �� ���� ����������� ��� 	� ���11�  ��

��)�1� � �������� 	� ����� 7�5 �� 	� �������" F���1�� 	� ����� 1��� ����1� ��������

� ��5 ��������� ����� ��	5�)� 	� ����� �����) 6��� 	� ����� 1��� ����1�� ��� 	�� ���9�

�
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Resin

Vacuum Bag

Resin Distribution
Medium

Sealant 
Tape

Mold Tool

To 
Vacuum
Pump

Dry Reinforcement
Preform

���1�� �"�� /��2& ���������� ��	����� �������

��5�5��� ��� 5�� 	� ������� �1" 2	� 1�� �� ����� 1��� ����1� ���1��� 	� ����������

��� �����6����)� ��� ���1��� ������� 5���1 �� 	� �������"

/��2& �?��� �1����1� ��� ��������� ���� ��������� �2&� �1�	 �� ��5�� ������ ���

��� �	���� ����1� ���" F���1�� 	� �� 	��� �� 	� ��� �� � 7�8� �� ���11�  ��� � ���	��

���� ���� �� �� ������ ��<1����" 2	�� ��9�� /��2& ������� ��� 	� ���1���1�� �� ������

����� ���������" ����� 5�	 	� ���������� /��2& ���� 	�� ������ �� ������������"

* �� � ��������) ������8 ������� � ������� 5���" 2	� 7�8� �� ��1�� �� 	� ���11�  ��

��9�� � ��Æ�1� � ������ 	� 6��� 	��9���� �� 	� �������� ��� 	1�� 	� 6 �� ���1��

������� �� 	� ��������"

%1� � 	� ������8 ��1�� �� 	� /��2& �������� 	� ���� ��� ����� ��	�� �� ���Æ����

��� �8������� ��� 	� ������� ������ ��� �����:����" 2	� � D����� �� 	�� �1�) 5�� �

������� ��� �����) � ������	������ /��2& ���1����� ����� �� � ��� �?����� ������ ���"

2	� ����� ����1��� 	��� �1 ������� 	� �������) ��� �1�� 9������ �� 	� ������ 	� �����

7�5 �� 	� ����1� ������������ �������� ��� 	� ��������� �� 	� ������� �1���� 	�

��6������ ������1��" 2	� �������� ���5���� �%*��*# C"�� 	��  ��� ��������� � ����):�

	� 7�5 ������� ���9 	� 	��9���� �	���� �� 	� �������� ������ 	� ��� ��6������ ���
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��� 6��� 6 �� ���1�� ������� �� 	� ����� ��� �������� 5	�	�� 	� ����� ��������)

��6����� ��� 1�������) 5�� �1 	� �������" 2	� ���1���) �� 	� ����� 5�� ����6��  )

��������� �8��������� ���1�� ���� /��2& �� 7� �������� ��� ����5��	 ��1�1��� 5�	

����� ����������"

� �����5 �� ����� �������	 �� �������� �� 	� /��2& ������1�� �� �������� �� 
	���

�� �" 
	���� � ������ 	� ����� �������) ��� 9������� 7�5� ��� ������� ���������

������" 2	� �1������� ��	��<1� 1��� ��� 	� 7�5 ������ 	� 6��� ������@������ ���1��
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������ 6����� �� 	� ���� 5�	 ���<1�� 5���� �� 	� 6 ��1� ����� �� 	� ������) � D���

��� �� ����� ������� ������� 3�2&4 ��� ���11� ������� ����� ������� ������� 3/��2&4"

*�������� ����������� �� 	� ������������ ������� ���1�� �� �8������� �������� �����

5	��	 �1�  � ��������" 2	�������� 	� ���1����� �� 	� ����� 7�5 	��1�	 	� �������

�� �� ������� ��� �� �������� 	��� ��������� ���1���1���� ��������� � ���1�� 	�

	� ������� ���  � 6���	��  ����� 	� ����� ����" ���1����� ����� ���  � 1��� � ���9

7�5 ����� ��� ������ 	� 6�� ����" &������� 	� ����� 7�5 �1���� 	� �����������

��������� �������� �����	 ��� 	� ������� �	)���� ��� 	��	���	� ������� ��� ����  �����

����1����" *� �������� 7�5 ��������� ��� ��� �����:���� �� 	� ������� ����� ���� �1�	

�� ��� �������� ��� ��D����� ��� ������� ��� )��"

&��) ����1�� ������ 	���  ��� ��������� � ���1��� 	� ���� 6���� ������� �� �2&"

��� 	��� �1���� ��� 	� ���������� �� 	� ����� 	��1�	 	� ������������ ������� ��

�� ����������� �� 71�� 	��1�	 � ����1� �����" %���);� ��5 �� 1��� � ������ � 	� 7�5"

%���);� ��5 �� ���D1����� 5�	 	� �����1�) �<1���� ����� 	�  ���� ��� 	� �1�������

C
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���1����� �� 	� ���1���� �������" %�?���� �1������� ��	��<1�� 	���  ��� 1��� � �����

	�� 7�5� �1�	 �� 6��� ��?������ ��	�� I�� �J�  �1����) ������ ��	�� I�J� ��� 6���

������ ��	�� I!K��J" >� 	���� 	� ����� '�����@
����� /��1�� 3�'@
/4 ��	��

	��  ��� 5����) 1���  ���1�� �� 	� ��5�� ����1������ ���" *� 	�� �������	� 	� ����

�� 6�� �������:�� ��� 6��� �������" � ������ ���1�� �� �����1��� ���1�� ���	 ����

 ) �1 �������� 	� ������� ��� ������� ���1���" 2	� �����1�� ����� 1��� �� 	� �����

6���� ������ �� � �����  ) 1�� �� 	� 6��� ������ ��	�� ��� %���);� ��5 �� ������� �

����1��� 	� 7�5 ����" 2	� ������� �� 	� ������ ���1�� ��� 6�� ����� ��� 	�� �����)��

� ���9 	� ������� �� 	� 7�5 ���� I!J" 2	� ��������� �� �'@
/ ��	�� �� 	� 	� 7�5

���1����� ��� ������8 ��������� ���  � ���� ������) ��� �Æ�����) 5�	�1 	� ���� ��

�����	��� 	� ������6���� ������"

&�� �2& ��������� ���� 5�	 ���� �� � �	������9� ������)" F���1�� 	� ��� 	��9����

�� �1�	 ������� 	�� �� �	�� ����������� ����� 7�5 �� 	� 	��9���� �������� 	��  ���

�������� ��� 5������������� �2& 7�5 ������ 	���  ��� ���������  ) ������� ��������

��� �������	 ���1�� ICK�J" 2	� ����1���� ������ �� � 	��������������� 3�%4 ������)�

 1 	� 7�5 �� 	� 	��9���� �������� �� ��������� 	������� 	��� ������ ��� ���� ������

��
�
������������ 3��

�
%4 7�5 ������" 2	� ��D�� �������� �� 	� ��

�
% ����� �� 	� 	�

����1������ ��� ���  � �����) ���1��� 5�	 ������ �� ���1����� ���1���) ��	�����"

F�1��	9� ��� ������ I,J ������ � 5������������� �'@
/����� � ������ 	� ����� 7�5

����� ��� ���� 6����� �� ���������� �����" � 9�) ���1�� �� 	� ���1����� �� 	� � ���) �

����� 	� ��71���� �� �������	����� ������ ���) �� 	� 6 �� ������� �� 	� 6����� �������"

2	� ���1�� �� 	� ���1����� ��� �������� 5�	 �8�������� ��������� �� � 7� ������1���

����" � ��5����� 71�� 5�� ��D���� ��� 	� ���� � 	� ����� 5�	 	� �����1�� � 	�

���� 	��� ������" ��1� ��� �� �8�������� 5��� ����1���" *� 	� 6�� �� �� �8���������

� ��)�1� �� ���� 1������������ ��� 5�	 I�� �!C� 0�� �� 0�� �!C� �J ���������� 5�� �����

���1��� � �1�) 	� �?�� �� ���9��� ��)��� 5�	 ��?���� ����������" 2	� ������ �� ��

�8�������� 1��� � ��1�� ����� � � ����� 	� ��71���� �� �������� ������8�) �� 	� 7�5

6���" *� 	� 	��� �� �� �8��������� 	� ������� ������� �� 5� ������ �� 1������������

,
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��� �1 ���	��" 2	� ����� ������ ���) � 	� ��������  �5��� 	� ������ �� ��?����

���� 	�  1�9 ������� ��� 	� �������  ������ ����	��������1�" 2	� ��������  �5���

	� ������ 5�� ������ 	� �1����" 2	�� �� �� �8�������� 5�� �������� � ��������� 	�

��71���� �� ����� ����	��������) ����� 	� �1����" 2	� ��� �� �� �8�������� �8������

	� ����� 7�5 �� � ���� 5�	 5� ��?���� ����	���	�" *� ��� 	� �8��������� 	� 1����

	��� ���� ��� ���� 5�� ���� �� ����� ��� 	� �1����� �� 7�5 ���1���:����" 2	� 7�5 ����

�������� 5��� �������� �� ����� ��� � ������� 5�	 	� �1������� ���1��" *� ��� ������

	� �������� ��� �8��������� 7�5 ���� ������������ 5���" .�5����� 	� 7�5 ����� �� 	�

�8������� ����� ����� ����� 	� ���� 5���� ��� 	� �1����" 2	�� �	�5�� 	� �8������ ��

��5���������� 7�5 ��	� � 	��� ��������" 2	�� �	�������� �� ������ ��������9���"

*� ��� �2& �������� ������ ��D���� ��� 	� ���� ����) ��� 	��	�) �������" 2	�

����� 9����� ��� �������) �	����� �1���� 	� ���1���� ������� ��� �����6��� ��� ���� �

 � ���������� �� 	� ���� 6����� ���1�����" � ����1�� ���1����� ���9��� ����1���� �����

7�5� 	�� ������� ��� �	������ �������  ���� �� 	� �'@
/ ��	�� 5�� ��������� � 	�

>	�� ��� (�������) I�� +J" * ���  � 1��� � ���1��� � 5������������� �������	�����

������� �������"


��	�1� � ��" I0J ����1��� �8�������� � 	� %�5 
	������ 
�����) � �����) 	�

�2& 7�5 ����� ��������� � >	�� ��� (�������)" 2	� �8������� ������ 5�� ��������)

����1���� ���� 	� ����� ���������� � �������� ��) ����� ��  ���" ������1��� ������

5��� ��D���� 1���� �2& �������" 25� ��?���� ��D����� ��	���� 5��� �1����" 2	� 6��

��	��� 5�� �������� � ���� � ��������������� 7�5 5�	 � ���� ��1��� �� ��� ��� �� 	�

����� ��� � ���� ���9 �� 	� �	��" 2	� ������ 7�5 ��	��� 1��� �1����� ���1�� 	� �������

���� � ����1�� � ���������� 7�5 ���� � � ���� ���9 � 	� �����" *� 	� �8���������

�����1�� �����1���� 5��� 1��� � ������ 	� �����1�� �	���� �1���� 	� ���1���� ������1��

� ��?���� �������� �� 	� �������" * 5�� ��1�� 	� 	� ���� 6����� ��� ��1��  �

�������� 5�	�� �8��������� �����  1 	� �����1�� ����� 1��� ������ �  � ������ �

���	 	� �8������� ���" 2	� ��?������  �5��� �8������� ��� ���1����� 5�� ��9��)

�1� � 	� ����� ��������� �� 	� ������� ������ ���)" * 5�� ���� ���������� 	� 	�

�
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7�5 �������� 5�� �8�����) �������� � 	� ������� ������) ��� ������ ���)" 2	� �����

���9��� �	�������� 5�� � ������ �� 	� ��������������� 7�5 �8������� ��� ��?����

���� ������ ������ 5��� ���� � ���1��� 	� �	��������" =	�� 	� ���� ������ ���)

5�� �� �  � ��� ���� 	�  1�9 ������ ���)� 	� ���1���� ��� �8��������� �����1��

���6��� ������ 5��� 5�	 ���	 �	��"

25������������� 7�5 ������ 5��9 5��� � ���1��� 	� ���1���� �� ���� 5�	 �����

	��9����" .�5����� 	��9�� ���� ��<1��� �8������ ����� 7�5 	��1�	 	� 	��9���� ��� 	1�

	� 	������������� �?�� �� 	� ���� 6����� ������� �1�  � ����������" #�� ��� #�� I��J

��������� � ����1�� ���� � ���1��� 	� 	��������������� �2& ���� 6����� ��������

����1���� 	� ������1�� ��� �1�� �?���" 2	� ������) �� 	� �1������� ���� 5�� ����6��

1���� ������ ��� ���� 5�	 ����)���� ���1���� 9��5�" '8�������� 5��� ���� ���������

� �1�	�� ������� 	� �1������� ���1��" *� 	� �8�������� � �1 �� �	���� ������� 5��

��D���� ���� 	� ���� ��� � 	� ����� �� 	�  ��� �1�����" �� ������ 6 �� 5�� 1��� �

������ 	� ����� 7�5 ������ 	� 	��9 �������" 2	� ���1���� ����� 7�5 ���� ������� �� �

�1����� �� ��� 5�� �������� 5�	 	� �8��������� ���" 2	� ��������� 5��� ��1�� �

 � ���������)" �1������� ���1������ ��� 	� 6����� ������� �� ������8 ���������� �1�	 ��

�� �1��� ��� 	�������  �:�� 5�	 � ��� ���� ��� ������1��� �1�� ������� 5��� ���� �

���1���� 	� �?��������� �� 	� �1������� ����"

*� ����� � ����� 	� ���1���� ������� ��� � �����) �� ��������� �� ���1��) �������

�1�	 �� �1���� ����� 1��� �)����� �	��� ���������� ��� ��% 7�5�� �	���� I��J ���������
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��5 �� ����������� �� ���� ��� %���);� ��5 5��� ������� �� ���	 ������" * 5�� ��1�� 	�

	� 7�5 ���� 5�� ���� ���� �� �	��� ��� 	� ����	 �� 	� ��1���� ������ 5�� �����������

� 	� �<1��� ��� �� 	� ��� �������" 2	� ���1�� � ����� 5��� �������� 5�	 �1��������

�% �1������� ���1������ ��� �� ����� ����)��� ������� �1" 2	� ���1� �� 	� ���������

� M ������
�������

�� 5�� � ����1�� �� 	� �����  �5��� 	� ����)���� ����� ��� 	�

�1������� ���1������" *� 	� ����1������ ���� ��� ���� ��� 	� ������ ������ �� 	� 6 ��

�� �� 	� �������� �� 7�5 ���������� ��� 	��9���� ��������� ����������)" �� ���������

	� 	��9���� �� 	� 6 �� �� ��� � �� 	� 7�5 ���� ����	 3���" �"�4" 2	� ����� �� 	�

��
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��� ��6������ ��� ������� ����� �� � ���������" .�5����� 	� ����� �� 	� 7�5 ����

����	 ���5� ������) 5	��� � ���������" 2	� ������ ��� 	�� �� 	� 	� 	���) �������� 	�

�������� ������  �5��� 	� ��1���� ������ ��� 	� 7�5 ���� ������" 2	� ����� 1���

�� 	�� ������ � 	� 	��1�	�	��9���� 7�5 5�� �?������) �1���� ��� 	� 7�5 ���� �������

��� 	1� ���� ���� � 	� �����" �� 	� �������� ������ ��������� �� �����6����� 5�	

���������� �� � �����������) �?��� 	� 7�5 ���� ������ ��� 	� ����� �� 	� 7�5 ���� ����	

���5� ������)" � ��������� �1�) 5�� ����1��� � ��������� 	� ��71���� �� � �1� ��

�� ������� ����� ��� �� 	� 6�� ��� ��� 7�5 ���� ������)" * 5�� ��1�� 	� 	� 6�� ���

��������� ��� 	� ������) ��������� 5	�� 	� 	��9���� �� 	� ����� 1��� ����1� �������

� 	� �� 	� ������� ���������" 2	� ������) �� 	� ����� 1��� ����1� 5�� ��1�� �� �

�?�� 	� 6����� ��� ��� 	� 7�5 ���� ������) �����6����)" 2	� 7�5 ���� ������) 5��

��1�� �  � �1�	 ���� �������� � 	� ������ ���) �� 	� ����� 1��� ����1� 	�� 	�

�� 	� �������"

�1� � ��" I�+J ���������� 	� 7�5 ���	����� �� 	� �
�*&� �������  ���� �� 	� ����

�� 1��� ����1� 	��1�	 7�5 ���1���:���� �8�������� ��� �1������� ���1������" ���5

���1���:���� �� �
�*&� ���� 6����� 5�� ������� �1 1���� �����1� ������� ���������"

* 5�� ��1�� 	� 	� ����� 7�5�� ����� �� 	� ����� 1��� ����1� 	�� �� 	� 6 �� �����

��������� ��� 	� 7�5 ���� �������� �������� �����) ������ �1���� 	� ����� ���� 6�����

�������" '8�������� 5��� ����1��� � ����1�� 	� ��������� �� 	� ����� 1��� ����1�

�� ���� 6�����" 25� �������� 5��� ��D���� 1���� ������� ���������" 2	� ���) ��?������

5�� 	� 	� ����� 1��� ����1� 5�� ������ �� �� �� 	� ������� �� ��� �8������� 5	���

�� ����� 1��� ����1� 5�� 1��� �� 	� �	�� �8�������" 2	� 1�� �� ����� 1��� ����1�

���1��� 	� 6����� ���  ) +C ������" * 5�� ���) ����� 	� 	� ����� 1��� ����1� ��

�������� � �
�*&� ���� 6�����" � �% �'@
/ ����� 5�� �����)�� ��� 	� �1�������

���1����� �� 	� ���� 6����� �������" 2	� �1������� ���1�� ��� 	� 6����� ��� ��������

5��� 5�	 	� �8��������� ����1������" � ��������� �1�) 5�� ������� �1 � ���������

	� ��71���� �� 	� 7�5 ��������� �� 	� ����� 1��� ����1� ��� ������� �� 	� 6�����

���" 2	� ���1����� ���1�� �������� 	� 	� ���� 6����� ��� 5�� � ����� �1����� ��

�!
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	� ������ ���) �� 	� ����� 1��� ����1��  1 5�� �� �������� � 	� �� 	� �������"

'8��������� ���1�� ��� 	� �% �'@
/ ���1����� ���������� 	� 	� �������� 7�5

�� 	� ������� ��1��  � �������� 5	�� 	� ������ ���) �� 	� ������� �� �1�	 ���� 	��

	� �� 	� ����� 1��� ����1� ��� 	� ����	 ����� 	� 7�5 �������� �� �1�	 ������ 	��

	� 	��9���� �� 	� �������� ���" F���� �� 	�� � ��������� � ���9��� 7�5 ����� 5��

�������� � �������� 	� 7�5 �� � �% �������� 7�5 �� 	� ����� 1��� ����1� 5�	 � ���9

��� � ����1� ��� 	� ����� ���9��� ��� 	� �������" 2	� ���9��� 7�5 ����� ���1��� 	�

����1������ ���  ) ���� 	�� 0� ������ ��� )� �������� � ������� �� �������� �� 	�

���� 6����� ��� �� �
�*&�  ���� �� 	� ����� 1��� ����1�"

��� ��������� �� ��� �������

*���������� �� ����� 7�5 �� 	� ����1� ������� �� 	� /��2& ������� 	���� ���1��) �

���1�� 	� ������� ����������� �� 	� �������  ����� ����� �������� ���1��" ���	��

��D�� ������� �� 	� ���1���1���� �� 	� ��������� �� 	� 6��� 	��9���� ��� 	��� )� 	�

6 �� ����� �� 	� �������� �������� 5	��	 �� ��������  ) 	� ���������  �	����� ��

	� �������" %1� � 	� 7�8� �� ��1�� �� 	� ���11�  ��� 	��� �� �� ����� ������ ����

	� 	��9���� �� 6 �� ���1�� ������� �� 	� �������� ��� �� 	� /��2& ������1��" 2	�

��������� �� 	� ������������ ������� �� ������8 ��� ������� �� 	� ��������� ���) ���

����8���� �� 	� ������������ 1���� �����1��� ��� 	� ���������  �5��� 	� ����������

��� ��� 	� ����� 7�5" �������	��� I�0� ��J 	��� ����1��� �8�������� � ���������

	� ���	������ ��������� ��������� �� 	� ������� �1���� 	� /��2& �������" 2	�

�8��������� � ��������� ��� ��������� ��� ��� ����� �� 	� �����5��� ��������	�"

2	� 7�8� �� ��1�� �� 	� ���11�  ��� ��1���� � 	� ���)��� �����1�� ������ 	� ����

����)� ���1�� �� 	� �������� 5�	 � ���1������ 6��� 	��9����" ����� � ��" I�0J �������

���� ��������� �� 	� 	��9���� �� �������� ���� ���1���1���  ) 	� /��2& �������"

� �� �� �8�������� 5��� ����1��� 1���� � �����)� �� ������ ����� 5���� �� ���" ��� �� 	�

�C
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�������� 5��� C�"+ �� 8 C�"+ �� ��� 	� ����� 1��� ����� 5��� !C"� �� 8 !C"� ��" 2	�

������ 5��� ���1���1��� 1���� � ���� ���� ��1��� � ��� ��� ��� � ���� ���11� ��1��� �

	� �	�� ���" ����� ��� 	��9������ 5��� ����1��� � ��?���� �������� ���� 	� ����

5��� �1��) �1���" * 5�� ��1�� 	� 	� 6��� �1��� 	��9���� �� � ��� �	����� ����� 	� �����

����������� ��������" �� 	� ������� ���� 	� ���11� ��1��� ���������� 	� ��� 	��9����

���������� ��� ��������������)� 	� 6 �� ���1�� ������� �� 	� �������� ���������" 2	�

	��9���� �������� ������ 	� ����� 5�� ����� � , ������"

=������� � ��" I��J ����1��� � ����������) �8��������� �1�) �� �� ��� �����������

�1���� 	� /��2& �������" ���� ��)��� �� ����� 5���� '������ �� ��� �� ,,� �� 8 �,�

�� 5��� ��D���� 5�	 1���1���� ���)���� �����" 25� #/%2�� #/%2� ��� #/%2�� 5���

�������� � ������ 	� 	��9���� �	���� � 	� �������� �� �� �� ��� �+� �� �5�) ���� 	�

����� ����� ����������)" 25� �����1�� �����1���� 5��� ��������� � 	� ���� ��������"

��1� ����� 5��� � ����� ���� ��1� ��������) �������� �1��" * 5�� � ������ 	� 	�

�	����� �� 	��9���� ��� �������� ��� 	� ��1� �8��������" F�	 #/%2� �������� ��

������� ����� ���������1� ��������� �� 	� ������� �� 	� ���11� 5�� �������� ��� 	�

���1���� �� 	��9���� �����1�� � � ���5�� ��� ���� 	� ������ �	����" � #/%2� ��������

5� �� 	� �8�������� �������� � ����� �������� �� 	��9���� � 	� ����� ����" 2	�� ���	

 � �8�������  ) 	� ������ �1 ������� �?�� �� 	� 71��" .�5����� 	� �1 ������� �?�� 5��

�� ������� �� 	� �	�� 5� �8��������" � ����� �� �8�������� ��� 	� � ����� �� 	�

�1 ������� �?�� 5�1��  � 	� 	� �� ��� ��)��� 5��� ���� ������) ����� � 	�  ��������

�� 	� �8�������� 	1� ������� 	� � ���) �� 	� 6 �� ��5��9 � ���������" ���� 	�

7�5 ���� ������� � ����) �������� �� 	��9���� 5�� � ������ � #/%2� �������" .�5�����

5	�� 	� ����� ����	�� #/%2� �������� 	� �������� �� 	��9���� 5�� ������ ��� 5��

��������� �� 	� 7�5 �����1�� 1��� 	� ���� 6����" ���� 	� ���� �� 6����� 	� �����

���� 5�� ������ 5	��� 	� ���11� 5�� ��� ��" 2	�� ���1��� �� � ����) �������� �� �����

�����1��� �����������  ) � �1�	�� ��������� �� 	� ������� � #/%2� ��������  1 	�

	��9���� ��� �� �	���� � #/%2� �������" 2	� ���	������ ��������� 	��� �8���������

� ��������� ��� 	� �1 D�� �� 	� �1�	�� �����������"

�,
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%������ 9��5����� � �1 	� �������� �� ����������� �� ���� �1 D���� � �����������

������ �� ���) ������� �� 	� ����������� �� 	� ���������  �	����� �� 	� ������� �1��

��� 	� /��2& �������" G�� � ��" I��J �������� 	� ���1�� �� ����������� ��� ����8����

��� 1���� ��?���� 6 �� �������� ����1���� '������� ����	�� ���	� �� ��� 1������������

�������� ��� ��� ������� �� 5� ��?���� 6 �� ����������" *� 	� ����������� ��� � ����

��� ����� 1� � +", &�� 5�� ������� � �������� 	� 6 �� ������� � � ������	��� ����� ��

� ��@���" 2	� �1��� �� ����������� ����� ����1� ������ 	��9���� 5�� ����1���" �������

����)� 	� �������  �5��� 	� ����� ��� 	� 6 �� ���1�� ������� 5�� ���������" ��� 	�

����8���� ��� 	� ���	��� 5�� ������ ���� �� ������ ����� 5�� ������� � 	� �������"

����� 5�� 	�� ����1��� �� � �1����� �� ��� 5	��� ������ 	��9���� 5�� 	��� ������" *

5�� �����1��� 	� 	� ����������� �������� �� 	� ����������� �������� ������) ������� ��

	� 6 �� ��������� ��� ���9��� ��<1����" =	�� ������� ��� 1�������� 	� 6 �� ��������

	)������� �?��� 5��� � ������" .)������� ��)  � �1� � ��1�1�� ����8���� ���� 6 ��

������������ �� � 6 ��  ���9���" �������� ����������� �� 	� ���� ������ ���1���

�� �1�	�� ��������� �� 	� ������������ �������" * 5�� ���� �	�5� 	� 	� �1 ������

6 �� ������� 5��� �������� ���� 	�� 	� ��) ������������ 1���� 	� ���� ��������

���� �����" '?�� �� 	� 6 �� ��������� �� 	� ����� ����8���� 5�� �1����" ����8����

 �	����� ��������� 5�	 6 �� ��������" ������ ��� ��� �@0� ���	 �	�5�� �1�	 ����

����8���� 	�� 1������������ 6 ���" %�� �� ����8���� 5�� 6�� 5�	 � &�85����=���	��

����������� �����"

�� ������ ��� B�1��� I��J ��	���� 	� �1 ���	�� �8��������� ��� ��� 	� ���������

��� ����8���� �� ������ ��� ��� 5���� �� ���� � ������) ������� ����� ������ � 	�

��������� �� �8��� ������������� 1��� �� �������� ����������" ����)���� ���������

������ �� 	� �����1�� 5��� ���� �����5���  1 �� �1 ���	�� ��������� ����� ��� �1��)

������ � 	� � ������  �	����� �� 	� ������������� �1� � 	� ������8�) �� 	� ��� ���"

�� ��������� � ����)���� ������ �� � ��������� 	� �8��������� ��� ������)" 2	�

�����5��� 5� �<1����� 5��� 1��� � 6 	� �8��������� ���1�� � ����� ���� ���������

��
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��� ����8���� �8���������

�� M ��� 3�"�4

�

��
M �� �	����� 3�"�4

�� �� ���1�� ������� �� �� � �1����� �� 	� ��������� �����1�� � ��� ��������� �1�����

��� 	� ���� �� 	� �1���� ��������� �����1�� � � 	� ������ ��������� �����1�� ��

�� � �1����� �� 	� ��� 	 ��� ����8���� �1����" '��	 � ������ ��������� 5��� ��6���

 ���� �� �1��� 6��� �� 	� �8��������� ���� 	� ������ 6 �� ���1�� ������� � 5	��	

	� ��������� �����1�� �  ����� � ���� 3�4� 	� ��?����� ����8 �� 	� ������������� 3
4�

	� ������� ������) �� 	� ������������� 3�4� 	� ��8��1� 6 �� ���1�� ������� ����	��

�1���� ��� ����1���� 3�� 4� 	� �����1�� ����) ���� � ������ 3�4 ��� ���� ��� �������

3����4� ��� 	� ��� �� ���1���� �� 	� �����1�� �1���� ����8���� 3�4" 2	1�� �����������

�� 	� �8��������� �1���� 5��� ����1��� ��� 	� �?��� �� �����1� ���������� ���������

5��� �����6��" *� ���������� �� 	� �1� �� �� ��)��� ������ 	� ������������ ������) �

�� ���������� 	� ������ 6 �� ���1�� ������� � �� ���������� ��� 	� ��?����� ����8 
 ��

���������  �	 ��� ������ ��� ��� 5���� �������" *� �������� 	� ������������ 6 ��

���1�� ������� �� ��������� 5�	 � ���� �� 	� �1� �� �� ��)��� ��� 5���� ��������" ���

�1���������) ������� ��������� �)����� � �� ���������� 
 �� ���������� ��� �� �� ���������

���  �	 ������ ��� ��� 5���� �������" 2	� ������������ ������) � �� ���� ���������

��� 5���� �������" 
�������� �1���� ������������) ���� � 	��	�� �� ���1��" *� ����8�����

	� �������� ���� �� ��������� 3���� ����8����4 �� 	� ������� �����1�� ������ �� ��������� ��

	� ��������� ����� ������ ��� �� ��������� �� 	� �1� �� �� ��)��� ����� ���  �	 ������

��� ��� 5���� ��������"

��������:���� �� 	� 6 �� ��5��9� 5�� �	�5� � 	��� � ��D�� ����� �� 	� ����

������  �	����� �� �8��� ������������� �1 D���� � �1�������� �)���� I��J" �� ������ ���

B�1��� I�!J ���������� 	� ��������:���� �� 	� 6 �� ��5��9 ��� 	� �?�� �� �������"

2	� ���1�� �� ��<1����� �� �1�������� ��������� �)���� ������� � ��) �8���� ��� � �8�

���� ��1���� �� �������� ��� ��� ������� ��� 5��� ��������" * 5�� �	�5� 	� 	� ��D��
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��������:���� ���	����� �1���� 	� 6�� ��������� �)���� 5�� ������ ��������� �� 	�

�������" * ���1��� �� � �����6��� ���� �� ��8��1� 6 �� ���1�� �������" 2	� 6 �� ����

1�� ������� �����1�� � ���� ����5�����  1 	� ���������  �	�����  ����� ���������)

�������� �� 	� ��������� �	����������� �� 	� 6 �� ������" * 5�� �����1��� 	� 	�

���������� �� � ������ �1� �� �� ��������� �)���� ����� � 	� ����� ��D����� ��1��  �

1��� � ���1�� 	� ���1�� �� 	� ����� ���	 �����"

&��� ������)� 
	�� � ��" I�CJ ��������� � ��������� ��������� ����� ��� 6 ��1� ����

�����" � 9�) �	)����� ������� �������  1�9 ��������� ���) 3��4 5�� ��6��� � ��� ���	

	� �����1��� ��5  �5��� 	� ������� �����1�� ��� 	� �������  1�9 ���1���

N�

��
M ���N� 3�"�4

5	���� �� �� 	� ������  1�9 ���1�� ��� N� 	�  1�9 ���1�� �	����" � )����� �����1���

	��9���� �1��� ���� 	� ����������� �� ���  � ������� ��� 	��� �������� �� ������ ������

������� � 6��� ������ ������� ��� � ��������� ������ ��  �5���" ������ � 5�� �������

5	�� � �����1� ���1� �� �����1�� 5�� ������� � ����	�) ������ 	� 5���� �� ��� ��)�

���" 2	� 6 �� ������������� 5���  ��1�	 ��� ������ ������ 	�  1�9 ���������� �� 	�

������� ���� ����� ������) ���� 	� ��������� ���) �� 	� ��������� �����" *� 	� ��8

����� ������ �� 	� ������ ����� 	��  ��� 6����� ��� 	� ���������� 5�� ����� 1��  )

	� ����������� ��  �	 	� ����� ��� 	� ��������� �����" * 5�� �	�������:��  ) 	�

��������� ���� �� � ������ �� 	� �8��������" *� ������ �� 	� �������������� ������)

�� 	� ������� 	�� ��	����� � �������������) �1�	 	� 	� ������) �������	�� � ������"

� ��������	������ ������1�� ����� 5�� �������� � �������� 	� �������  1�9 ����

������ ���) �� 	��� 	��� �������" 2	�  1�9 ��������� ���) �� �� �8������� �� � �1�����

�� ������) ��� 6�� ���������� 	� ������ 6 �� ���1�� �������� 	� ��8��1� ����� ��

6 �� ���1�� �������� 	� ������ ���� ���1�� ��������� ���)� 	� 6 �� ��������� ���)� ���

�� �8��������� ����8" 2	� ����� ��������� 5�� ����6��  ) ��������� �8�������� ��

������5���� �� ��� �������� ��� 1������������ ����5���� ��������" '8������ ��������
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 �5��� 	� 	���) ��� �8�������� 	��  ��� � �����"

2	� �������	 5��9 �� ������������ ��������� 5�� �����) ������� �1 ��� 	� �����

������� ������� 3�2&4 ������� 5	��� 	� ��������� �����1�� ���� �� 	��	 �� � &��� ���

	��	�� ��������� ���� ��� ��������" >��) � ��5 ������������ I�0��,���J �� 	� �����������

 �	����� �� 6 ��1� ������������ �1���� /��2&� �"�"� 1���� ��5 ��������� �����1�� 3� �

��4 5��� �1 ���	��"

.������ ��� B� �� I�,J ����1��� ��������� ��� 5�	 	� ��8��1� ���������

�����1�� �� �8������� �  ��" * 5�� ��1�� 	� ��� ��5 ��������� �����1��� 3� �  ��4�

	� �1� �� �� ��)��� ���� �� 	��� �����6��� ��71���� �� 	� ���������  �	����� �� 	�

�������" 25� ���9��� ��<1������ �"�"� I3���0��4�J ��� I3�
�4��30�

�4�J 5��� ���� � ���������

	� �?�� �� ���9��� ��<1���� �� 	� ��������� �������� �� 	� ������������" 2	� ���1��

5��� 	� 	� ���9��� ��<1���� ��� �� ��9� �����6��� ��?������ ��� 	� ��������� �� ��)

�������������" .�5����� ��������� 	� ������������ ��)��� 	����� ��	���� � 	��	�� 6 ��

���1�� ������� ��� 	� ��������� �� 6 �� ������� ��1���� 5�	 �����" 2	� �����������

�������� �� 	� ������� 5�� �������  ) ����������� 	� �8��������� ��� 1���� �1��

9������ ��	��" � ��% ����� 5�� �������� � ���1��� 	� /��2& �������" *� 	�� ������

%���);� ��5 ��� �����1�) �<1���� 5��� 1��� � ����� 	� ����� 7�5� ��� �� �<1���� ��

��������� �<1��� ��1� 5�� �����1��� � �9� ��� ����1� 	� ��������� �� 	� �������

1���� 	� ���11� �����" 
������� 5�	 	� ���1���� �8��������� 	� ����� � ����� �

���� ������ �� 	� ��� 6����� ��� ��� /��2& ������1���  1 	� �1	��� ��� �� ������

��) ���1�� � �1 	� 	��9���� �	���� �� 	� �������"

����� � ��" I�0J ��������� ������� �8�������� �� 	� ��������� ���) �� 6 ������� ����

����� 1���� ��5 ��������� �����1���" * 5�� ��1�� 	�  ) ���	�������) ������� ���

1�������� 	� �������� � ��8��1� 6 �� ���1�� ������� ��)  � ������ ����� � ����)���

���11� ��� ����� ���1����" 2	� �1 ������� �?�� �� 	� ����� 5�� ���� ���1�����" *� 	� �8�

�������� � �,E �������� �� 	� 6 �� ���1�� ������� 5�� � ������ ��� 	� ������� ��1����

5�	 ������ �������� � 	� ��) �� ��� 1���� 	� ���� ����"
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*� �1� �������	 ���1�� � 	��������������� ������ �%*��*# I�+� �0J 5�� ��������� ��� 	�

���1����� �� 	� ����� ������� ������� 3�2&4 ��� ����� 6�� ���1���� 3��*4 ������1���"

2	� �	)����� ��������� ������� ����1�� 	� 7�5 �� � ����� 	��1�	 � 	���������������

���������� �������� 	���������� �� 	� ������� ��� ������ ���������� ��� �1�� 9������

�� 	� �����" 2	� ��<1�� ����� 5�� ���1��� �  � �� ����������� ��� ��5����� 71��" 2	�

��������� ��?������� �<1���� ��� 	� 7�5 ����� 5��  ���� �� %���);� ��5 ��� ������  )

	� ����� '�����@
����� /��1�� 3�'@
/4 ��	��<1�"

��)�� I!�J 1��� 	� ����1�� ����� �%*��*# � ���1��� 	� ���	����� ����� 7�5 ��

/��2& �������" '8�������� 5��� ����1��� � �����) 	� ���1���) �� 	� �������� 7�5

���� ������ ��� ��6������ ����" 2	� 7�5 ���� ������ 5��� ��������� �  � <1����

�����) ���1��� ��  �	 	� ����� 1��� ����1� ��� 	� �������" ���1����� ���1�� ���

��6������ ���� ������������� 	� �8��������� ����1�����  ) + � �� E" 2	� ��?������

��)  � ��� 1�� � �� �����1��� ������) ��� ������ ���) ����� �� 	� ������� 1���

�� 	� ���1�����" *� �%*��*#� 	� 7�5 ����� 5�� ��������� ��� �2&@��* ������� ���

	� ������) ��� ������ ���) 5��� ���1��� �  � ������ �1���� 	� ��D����� ������1��"

.�5����� �� /��2& �������� 	� 7�8� �� ��1�� �� 	� ���11�  �� ��1���� 5�	 	� ���)�

��� �����1�� ������ 	� ���� ����) ���1�� �� � �������� �� 	� ������� 	��9���� �1���� 	�

�����������" 2	�� ������8 ���������  �	����� �� 	� ������� ����� � 	� �������� ��

	� ������) ��� ������ ���) �� 	� ������� �1���� ���1���� �������"

2	�������� 	� � D����� �� 	�� �������	 5�� � �����) 	� �8����� �2&@��* ����� �

����1�� /��2& ���1����� ���� ������ ��� � �����) 	�� ����� 5�	 /��2& �8��������"

2	� ��5 ������ �%*��*# C"�� ���1��� � �1������� ��������� ����� ����������� 5�	 	�

����� 7�5 ����� � ������ 	� 6��� 	��9���� ��� 6 �� ���1�� ������� �� 	� ��������

���� ������ �� ����� 7�5 �� 	� ����1� �������� ��� 	� ��� ��6������ ���" � �����)

�� ������ )���� ����1���� �% ��� ������� �% ������� ������� �% <1���������� �������

�% ���	����� ������� �% ����	����� ������� ��� �% 	�8�	����� ������� 	���  ���
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2	� /��2& ������� ������� �� 5� ������� ���	������� 7�5 �� 	� ����� 	��1�	 	�

�������� ��� ��������� ��� ����8���� �� 	� ������� 1���� 	� ���11� �����" *� ��������

	� ����� �������) ��� �1�� 9������ ��� ������� ��� 	� ���1��� ���1����� �� 	� ���1����

������� ��� � �������� 5	�	�� 	� ���� ���  � 6����  ����� 	� ����� ��������" 
�����

���������)� 7�5 ������ ��������� ������ ��� ����� ����� ��� ��������� �� 	�� �	���� �

���1��� 	� /��2& �� ������� ������1�� �� 	� ���������"

 �� ���� �����

2	� 7�5 ����� �� ��������� � ���9 	� 7�5 �� 	� ����� 	��1�	 	� ����� 1��� ����1�

��� 	� �������" F�	 	� 	��	������� �� ����� 1��� ����1� ��� 	� ������� ���  �

������� �� 	���������1� ��� ���������� ����1� �����" 2	� ����� 71�� �� ���1��� �

 � ��5����� 3�� �������) �� ���������� �� �	��� ���4� ��� ����������� ��" ���1����

	� 	� 7�5 �� <1��������) ���� 	� ��������� �<1����� ��� 	� 7�5 ��� ��� ��� 	�

�����1�) �<1���� ��� �� ����������� �� 71��� ��� %���);� ��5 �� 7�5 	��1�	 � ����1�
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5	��� � �� 	� ��������� ������) ����� �� 	� ������ �� 	� �1���6���� ������) ������ � 	�

������) �� 	� ����1� �������� � 	� �������) �� 	� 71��� % 	� ������ ���) ����� �� 	�

�������� ��� �� �� 	� ����� �����1��" �1 ��1��� �<�" 3�"�4 ��� 3�"�4 ����� 	� ���������

��?������� �<1���� �� 	� 7�5�

� � 3
%

��
���4 M � 3�"�4

2	�  �1����) ��������� ��������) � ����� �<�" 3�"�4 ����

� � 7�5 ���� �����1�� ��������� ����������� M �

� � ������ �����1�� �������� � 	� ����� ������� M � �	�

� 2	� ������) ������ � 	� ���� 5��� �� :���� � � �� M �� 5	��� �� �� 	� ����� ������

� 	�  �1����) 5���

��� 	� 	�� �� � ������  �1����) ��� ���" 2	� 6��� ������@������ ���1�� 3�'@
/4

��	�� �� 1���:�� � ���9 	� ����������� �� 	� 7�5 ����" � ���	 ��� ���� 	� B����9��

6��� ������ ��	�� �� 1��� � ����� ��� 	� �����1�� ����� 1��� �� 	� 71��" 2	� �����

��������� ��� 	�� ����1���� 1���� �<�" 3�"�4" =�	 ����� ��������� � ������ 	� 7�5 ����

������� � 	� ��� �� ���������  ) ����� �� 	� ������ ���1�� ��	��<1�" 2	� ������

�� 	� �'@
/ ��	��<1� 5���  � ��������� �� 
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*� ������� � 	� ��������� �<1����� �������� 	� 7�5 ������ �"�"� %���);� ��5 ��� 	�

�����1�) �<1����� � ��5 �<1���� �� �����1��� � ����1� ��� 	� ��������� �<1��� ��1�

������ 	� ���� ����) �1���� ����������� I�,J�

�	 M �� O �
 3�"!4

5	��� �	 �� 	� ��� ��������� �����1��� �� �� 	� ����� �����1��� ��� �
 �� 	� �� �����1��

������� � 	� �������" ��� 	� /��2& �������� 	� �8����� �����1�� ������� �� 	� ����

��	���� �����1��" * �� 5��� ������� 	� �1���� 	� 7�5 �� 	� ����� �� 	� 6 �� ���������

	� ��� ���11� �����1�� �� �	����  ) 	� ����� �����1�� ��� 	� �����1�� �1������  ) 	�

6 �� ��5��9 I!�� !�J"

� ���	 ��� ���� ���� 	� ����� �����1�� ����� 1��� �� � ����� ���� 	� ����� 7�5

������ 	� �����1�� �1������  ) 	� ������� �� ����1�� 1���� �<�" �"!" 2	� ������ �����

�� 	� ������� ����� 	� ��������� �������� 3�4 �� � �1����� �� 	� �� �����1�� ������� �

	� �������" 2	��� �� �� ������� �����1��� ����� 5	��	 ��� �1��) ������ � 	� ��������

�� 	� ������������ 1���� 	� ����������� �����" 
�������� ��� ��� ���� ����1��� �

�������� �1���� �� ����������� ����� ����1� ����������� �����1��" =�	 	� ������ 6 ��
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Resin Model

Flow Model

Compaction Model

Pr φ , S

µ , α

INPUT OUTPUT

Temperature T
Viscosity µ

Degree of cure α

Resin viscosity  µ
Preform porosity  φ

Preform permeability S

Flow pattern
Infiltration time

Resin pressure Pr

Resin pressure Pr
Preform compressibility 

Preform thickness t
Preform fiber content Vf

Preform porosity φ
Preform permeability S

MODEL
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Start

Calculate Control Volumes 
and Internal Face Vectors

Read Input Data

Track  flow front

Update Flow Boundary
Conditions

Calculate Fluid Pressure
and Velocity Fields

Calculate New Time Step

Mold Fill?

Exit

Yes

No

Resin Gels?

No

Yes
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�� ����1���� �� ������ C"�"�� ����� ** �	�5� �� ���" C"+ 3 4  �� ��������� 	� ��1��

/��2& ��)�1� �� 	� �8�������� ��� �� 	��� ) ������ � ���1��� 	� ��6������ ��

����� �� 5	��	 ������� ! ���9� �� 	� ��'�2'$ ��� �� �� ���"

2	� ����1�� ��� ����1��� ��6������ ���� �� 	� �� ���  ��� ����� ���� ��������

��� �������� �� ���" C"�+" 2	� 7�5 ����� ��������  ) 	� ����� ������ 5��� 5�	 	�

����1��� ���1�� �� 	� �� �1�����  ����� 	� ��� �� 	� ����� 1��� ����1�" .�5����� ��

	�  ��� �1������ 	� �������� ����� ��6������ 5�� �1�	 ���5�� 	�� ����1���" 2	�

������ ��� 	� ����������� �� 	� ��� 	� 1����	�� ������� ��������� ���� 	�� ��� ���9

�� 	� �� ���� 	� ������ ���) ����� 1��� �� 	� ���1����� �� �� ���1��� ���1�	" 2	�
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������ ���) �� 	� ������� 5�	 � ��5�� 6 �� ����� 5�� �8�������� ���� ��� �����
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����5��	 ��1�1��� ���  ���� ���������� ��� 1�� �� ������) ������� ��1�1��� �1� � 	���

���	 5���	 ��� ���� ��������� � �	������" ���� #�����) �������	 
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� ��5 ���� �� ����5��	 ��1�1��� 	� ������ 	��1�	�	��	��9���� ������������" �����

�1���� I!�J 	��� �	�5� 	� ��������� ���	���� ��� ������� ������ �������� �� 	���

��1�1���� ��9��� 	��  ��� �1��� ��� ������� �� ��1�1��� �����������" * �� ����������

	� 	� ���	�� ���� ���� ������� ��1��  � ����� ���1���  ) 	� /��2& �������"

2	� ������) � D����� �� ���������� 	� /��2& ������� �� ���	�� ���� ���� ����5��	

��1�1��� �� 	� ������� 6����� �� 	� ������� 5�	 ���<1�� 5���� �� 	� 6 ��1� �����"

2	1�� � �� ���) ������� � ��������� 	� ������ �� 	� ����� 7�5 	��1�	 	� ���	��
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,�� �������� ����������*����

2	� ���	�� ���� ���� �������� ������ �������� �� ��'�2'$ ��� �� 6 �� �1���8���

5��� 9�� ���� �	��� ���	�� � � ��	����� �� *B ���)��	���)������ 3�&*4 ���� ����"

2	� ���� �	��� ��� ���� ���� 5��� ���	�� ���	�� �� 	� ��������� �������� 1���� � �,��

������ G�����@�/� 	����" 2	� ����� 1��� �� 	�� �1�) 5�� � ���� ������1�� �1�� %�5

%���9��� C����!� ���)� ����" � ����� 5���� �)��� ������ 5�� 1��� �� 	� 	��	������� ��

����� 1��� ����1�" 2	� ������) ��� ������ ���) �� 	� ��� �� �� ��� ��� �)��� �������

��� 	� ����� �������) ��� ��<1���� ���1� ��� 	� ����1�� �����"

+���� *�����
� ��� *���������
�

2	� ��'�2'$ �1�� �8��� 5��� 9�� ��� �� �� ��� ������� ����� ��)��� �� 1������������

��� �� 6 ��� ���� 1� �� � <1������������ ���9��� ��<1����" 2	� ����� ��)��� ��� 9����

���	��� ��� 	� 9���� 1�� �� �������� � �� � L���9;" 2	� ������ ���) �� 	� �� ���

5�� ����1��� 1���� 	� ����)���� ����1����� ��	��<1� �� � ������1� �1�) I!+J" 2	�

6 �� ������� 1��� �� 	� ������ ���) ��� ������ + ���9� �� 	� ��� �� �� ���� 5	��	

5��� ���	�� ���	�� 	��1�	 	� 	��9���� 1���� � ����6�� ���9 ���	 ��� G����� 	����"

2	� ���	 ��5� 5��� C"�+ �� ����� ��� 	� ���	 ��� 5�� �1�C ��" ���1���� 	� 	�

������� 	�� ��	������ 7�5 ���������� ������ ���) ����1������ 5��� ���� �� 	� 	���
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���	��� 32224 ��������" 2	� ������ ���) �� 	� ��� �� �� ��� ������ 5�	 6 �� ���1��
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2� �� ,"�� �� ������� �� 	� ������ ���) ����� ��� ���	�� ��'�2'$ ��� �� �� ��� I!+J

 +
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Figure 49 - Geometry mesh for the VARTM panel model. 42 
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Figure 54  Two sets of experimental results following black lines. 52 
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Figure 61  Predicted and measured flow front position at various pressures on tool side. 58 
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1 Introduction 
This report presents the summary of the work performed at McGill University on the 
VARTM modeling and verification using 3DINFIL .  The report is organized as follows: 

Section 2 presents the cure kinetic and viscosity models for the new VARTM resin system 
VR56-19.  Section 3 compares the simulation of the infiltration of a unidirectional preform 
and the results measured experimentally.  Section 4 discusses the modeling of flat and 
complex shapes with 3DINFIL.  A sensitivity analysis is also presented where critical 
parameters that affect the infiltration are discussed.  Finally, Section 5 compares the 
infiltration of a hat stiffened preform with the simulation results. 
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2 Matrix Characterization 
In order to meet variety of structural and manufacturing requirement, many different resin 
systems exists. The system of interest here is a VARTM two-part epoxy resin system that is 
suitable for structural aircraft composite applications. The resin to be analysed is the VR56-
19, a derivative of the VR56-4 resin manufactured by Applied Poleramic Inc. The VR56-4 
resin has already been fully characterized for application in the VARTM process and 
simulation were carried out using the process model COMPRO [1]. The same 
characterization of cure kinetic and viscosity is to be done with the VR56-19. 

2.1 Cure Kinetics Model 

The objective here is to find the cure kinetics using a combination of isothermal and dynamic 
differential scanning calorimeter (DSC). All test were performed on a TA Instruments DSC-
Q100 differential scanning calorimeter. The total heat of reaction was measured from the 
dynamic scans at 1oC/minute from room temperature up to 250oC. The isothermal tests were 
performed at temperatures ranging from 60oC to 160oC. The isothermal test procedure was to 
rapidly heat the cell to the desired temperature and maintain it for up to 8 hours (in most 
cases). The cell was then rapidly cooled down to room temperature so that a dynamic scan at 
1oC/minute can follow to measure the residual heat of reaction. The following tables show 
the dynamic & isothermal DSC tests executed as well as the results. 

 

 

 

Table 1  VR56-19 dynamic DSC test matrix.

Heating 
Rate 

Total 
HR 

Peek 
Temp.

Freezer 
Time 

Sample 
Weight

 

Test 
# 

Test File Name 
oC / min. J / g oC hours mg 

1 DynamicScan_29-04-2004 1 650.2 126.14 12 16.5 

2 DynamicScan_01-05-2004 1 585.9 130.26 0 6.55 

3 DynamicScan-Frozen_01-05-2004 1 686.5 126.78 72 10.69 

4 DynamicScan_02-05-2004 1 613.3 131.54 0 6.63 

5 MDSC_DynamicScan_25-05-2004 1 530.5 128.23 0 7.38 

6 KIM_08-13-2003 1 618.2 170.35 48 2.28 
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Table 2  VR56-19 isothermal DSC test matrix. 

Iso. 
Temp. 

Iso. 
Time 

Residual 
Heat 

Freezer 
Time 

Sample 
WeightTest 

# Test File Name 
oC hours J / g hours Mg 

1 Isothermal60_25-05-2004 60 8 352.7 24 7.67 

2 Isothermal60-2_31-05-2004 60 8 394.4 72 11.34 

3 Isothermal80_27-05-2004 80 8 133.4 0 5.78 

4 Isothermal80-2_04-06-2004 80 8 129.0 2 7.50 

5 Isothermal100_28-05-2004 100 8 72.0 24 7.08 

6 Isothermal100-2_06-06-2004 100 8 74.1 72 7.56 

7 Isothermal120_29-05-2004 120 8 37.6 48 6.74 

8 Isothermal120-2_07-06-2004 120 6 35.85 0 8.30 

9 Isothermal140_30-05-2004 140 8 6.67 0 9.19 

10 Isothermal140-2_08-06-2004 140 5 6.07 24 8.78 

11 Isothermal160_09-06-2004 160 3 0 36 7.82 

 

Raw data from the DSC experiments consists of measurements of heat flow with respect to 
either time or temperature. The apparatus software is used to compute via integrals the total 
heat of reaction, or total residual heat. Those values are also in Tables 1 & 2. In order to 
better understand the behaviour of the epoxy resin and to characterize it properly, the DSC 
data are imported in excel for further analysis. Using pre-established formulas and raw DSC 
data, the degree of cure and cure rate can be computed. Two runs of all experiments are 
performed to validate the results.  

To visualize the curing dynamic, two sets of graphs are draw: -1- degree of cure with respect 
to time, -2- cure rate with respect to degree of cure. As a very similar resin (VR56-4) is 
already characterized, it is a great interest to compare the graphical behaviour of this resin 
with the VR56-19. The following 12 figures show on the comparison graphs -1- and -2- for 
each tests performed. 
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Figure 1  Degree of cure variation for dynamic DSC tests. 
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Figure 2  Cure rate for dynamic DSC tests. 
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Figure 3  Degree of cure variation for 60ºC isothermal cure. 
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Figure 4  Rate of cure variation for 60ºC isothermal cure. 
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Figure 5 Degree of cure variation for 80ºC isothermal cure. 
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Figure 6  Rate of cure variation for 80ºC isothermal cure. 
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Figure 7  Degree of cure variation for 100ºC isothermal cure. 
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Figure 8 Rate of cure variation for 100ºC isothermal cure. 
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Figure 9  Degree of cure variation for 120ºC isothermal cure. 
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Figure 10  Rate of cure variation for 120ºC isothermal cure. 
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Figure 11  Degree of cure variation for 140ºC isothermal cure. 
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Figure 12  Rate of cure variation for 140ºC isothermal cure. 
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Based on a visual analysis of the above figures, it can easily be seen that the VR56-19 
behaves quite differently than the VR56-4. This difference is mainly due to the fact that 
VR56-19 does not seem to have the two peaks in the isothermal graphs -2-. This is good in 
the way that the mathematical model of the resin should be simpler to find. Following is the 
procedure that is followed to find it.  

In order to find as quickly as possible the matching model and to optimize the parameters of 
that model for the DCS data, the difference between experimental and calculated rate of cure 
are minimized using Excel equation solver.  In order to get results as accurate as possible, the 
difference between experimental and calculated degree of cure will also be considered.  han 
the Excel solver is asked to minimize the sum of the two differences above mentioned. 
Curves from model 6 and 7, which are the ones that fit the data the most accurately, are 
compared with the experimental curves.  It turns out that the model 6 yields better results, 
being based on a modified auto-catalytic equation accounting for a shift form kinetics to 
diffusion control. 

 

( )
( ){ }

( )RTE

TC

Ae

nm

K

e
K

dt
d

CTC

/

01
1

∆−

+−

=

+
−

= ααα

ααα

 (1) 

The significance of the various terms in the equation used is presented in Table 3. The 
activation energy, ∆E, is calculated from the slope of the natural logarithm of the isothermal 
cure rate, ln(dα/dt), vs 1/T at a number of different resin degrees of cure. All other model 
constants were determined using Excel equation solver, using data from both isothermal and 
dynamic DSC measurements. To get the model to fit even better the results, the activation 
energy was also allowed to vary slightly when solving with Excel equation solver. 

Table 3 - Parameters for VR56-19 cure kinetics model. 

Parameter Value 
Activation energy ∆E = 54.95 kJ/gmole 
Pre-exponential cure rate coefficient A = 1.601x104 /s 
First exponential constant m = 0.4055  
Second exponential constant n = 1.362 
Diffusion constant C = 26.93 
Critical degree of cure at T=0oK αC0 = -0.2258 
Constant accounting for increase in critical resin 

degree of cure with temperature αCT = 2.762x10-3 /K 

 

The following figures show the best model found up to now to fit the experimental data. It 
can be seen that at the model fits almost perfectly for temperatures of 80 oC to 120oC and 
differs slightly for temperatures of 60 oC or 140 oC.  
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Figure 13  Comparison between predicted and measured cure rate for a 1ºC/min ramp. 
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Figure 14  Comparison between predicted and measured degree of cure for a 1ºC/min 

ramp. 

-11- 
181



Final Report - VARTM Process Modeling and Verification 

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Degree of cure

R
at

e 
of

 c
ur

e
60

80

100

120

140

DA/ Dt  Cal

DA/ Dt  Cal

DA/ Dt  Cal

DA/ Dt  Cal

DA/ Dt  Cal

 
Figure 15  Comparison between predicted and measured cure rate for isothermal cure. 
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Figure 16  Comparison between predicted and measured degree of cure for isothermal 
cure. 
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2.2 Viscosity Model 

The VR56-19 viscosity rheometer results were already known at the beginning of this 
characterization research. They come from dynamic tests and a series of isothermal cure tests 
ranging from 60oC to 140oC. In those tests, the samples were sheared between two parallel 
discs until the resin reached its gel point. Again, in order to compare VR56-19 viscosity 
results with the VR56-4 ones, graphs of viscosity with respect to time are shown in figures 
17 and 18. It can be seen from those graphs that the viscosity of the VR56-19 is always a 
higher than the one of the VR56-4, but the overall behaviour if very similar. 
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Figure 17  Comparison between VR56-4 and VR56-19 dynamic viscosity tests. 
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Figure 18  Comparison between VR56-4 and VR56-19 isothermal viscosity tests. 

The viscosity model used in this characterization study is the same as the one of the VR56-4 
and is as follow: 

( ) ( )[ ]( )αBA+
µµ αααµ ggRTEA −= //exp  (2)  

where Aµ, Eµ, A and B are experimentally determined parameters, R is the universal gas 
constant and αg is the degree of cure at gelation. The slope of a linear regression through the 
data of lnµ versus 1/T at low resin degree of cure (α ≈ 0) yields the value of Eµ. The data 
from the dynamic runs was used in this calculation. The gel point degree of cure (αg) was 
evaluated from the crossover point between the storage and the loss modulus (G’ and G”). 
Then, to evaluate the other constants (Table 4), a best fit was done using Excel equation 
solver with the constants Aµ, A and B to fit the experimental data from the isothermal and 
dynamic tests.  

Table 4  Parameters for VR56-19 viscosity model. 

Parameter Value 
Activation energy Eµ = 70.4 kJ/gmole 
Pre-exponential cure rate coefficient Aµ = 1.6x10-12 Pa•s 
First exponential constant A = 2.75  
Second exponential constant B = 1.75 
Critical degree of cure at T=0oK αg = 0.54 
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This model capture the ambient viscosity, the reduction in viscosity due to temperature 
increase, and the rapid increase in viscosity as the resin reach the gel point. As it can be seen 
on the Figures 19 & 20, the model captures very well the curing viscosity in curing condition. 
The model does not capture very well the viscosity for the isothermal runs since there are no 
parameters in the model to set a minimum viscosity. The viscosity is then directly dependant 
on the temperature, as it can be seen in Figure 21. Even with those discrepancies on the 
isothermal runs, the model well captures the large increase in viscosity when getting close to 
the gel point. 
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Figure 19  Measured and predicted viscosity for a typical cure cycle. 
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Figure 20  Comparison between predicted and measured viscosity for dynamic cure 
condition. 

0.001

0.01

0.1

1

10

1 10 100 1000

Time (min)

Vi
sc

os
ity

 (P
a-

s)

VR56-19 Iso 60
VR56-19 Iso 80
VR56-19 Iso 100
VR56-19 Iso 120
VR56-19 Iso 140
Model Iso 60
Model Iso 80
Model Iso 100
Model Iso 120
Model Iso 140

 

Figure 21  Comparison between predicted and measured viscosity for isothermal cure 
condition. 
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3 Uniaxial Preform VARTM Modeling 
This section presents the results from simulations conducted using 3DINFIL for prediction of 
the infiltration of a preform made of the IM7 tackified carbon fiber uniaxial plies.  The 
preform properties used for the simulations are derived from the permeability and 
compaction tests performed at NASA Langley.  A series of models were generated following 
a run matrix and the results were compared to the results from a VARTM trial performed at 
NASA Langley (PANEL 012904). 

3.1 Preform characterization 

The perform characterization tests were conducted at NASA Langley using a special jig to 
measure in-plane and transverse permeability.  An instrumented VARTM jig was used to 
measure the perform compaction behavior. 

3.1.1 Permeability 

Figure 22 shows the permeability data from the experiments conducted at NASA Langley.  
An eight plies layup ([-45/45/0/90]2s) tackified uniaxial carbon fibers was used for the tests.  
The permeability model in Equation 3 was fitted in the data and used in 3DINFIL 
simulations. 
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Figure 22 Permeability of [-45/45/0/90]2s) tackified uniaxial carbon preform. 
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Where K||, , and V⊥K f are the in-plane permeability, transverse permeability and fiber 
volume fraction respectively. 

3.1.2 Compaction 

Figure 23 shows the compaction data from the experiments conducted at NASA Langley.  
An eight plies layup ([-45/45/0/90]2s) tackified uniaxial carbon fibers was used for the tests.  
The compaction model in Equation 4 was fitted in the data and used in 3DINFIL simulations.  
The initial porosity for the preform is 0.6829. 
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Figure 23 Compaction of [-45/45/0/90]2s) tackified uniaxial carbon preform. 
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where εdry, εwet and P are the dry preform strain, wet preform strain and the fiber pressure.  
The preform fiber volume fraction is computed internally by 3DINFIL using the following 
relation: 
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ε
φ

−
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where φ and ε are the initial preform porosity and the preform strain (εdry or εwet). 

Both permeability and compaction models were implemented in 3DINFIL as material 
IM7_6K_UNI_TACK_1 (ID = 16) in the database. 

3.2 VARTM Trial 

A VARTM infiltration of a 30 x 60 cm [-45/45/0/90]2s tackified uniaxial carbon preform was 
performed at NASA Langley using a synthetic oil with a viscosity of 0.376 Pa.s (PANEL 
012904).  The flow front position with time was measured on top and tool side and the results 
are presented in Figure 24.  Due to the very small transverse permeability of the preform, an 
important time lag (200-300 seconds) between the top and tool side was observed.  
Furthermore, it was very difficult to measure the tool side flow front evolution due to the 
uneven flow front observed on the tool side. 
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Figure 24 Flow front position during VARTM infiltration of [-45/45/0/90]2s) tackified 
uniaxial carbon preform with synthetic oil (viscosity of 0.376 Pa.s). 

3.3 Simulations 

Simulations of the infiltration of PANEL 012904 were performed to compare the flow front 
predicted by 3DINFIL and the experimental results shown in Figure 24.  The finite element 
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mesh was generated using MSC PATRAN and the simulations were performed using 
3DINFIL Version 5.0 on a PC with the Linux operating system.  

3.3.1 Run definitions 

A 2-D mesh was chosen as the flow front was reasonably uniform across the width of the 
panel.  Figure 25 shows the geometric definition of the mesh with the different material 
regions and the location of the injection point.  The distribution medium has a constant 
dimension with a length of 575 mm and a thickness of 1.5 mm.  The preform length is 
constant (600 mm), but the thickness is varied in order to investigate the thickness effect on 
infiltration behavior.  A constant number of 3500 quadrilateral four noded elements were 
used for all simulations. Typical simulation time was less than five minutes. 
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600mm

Resin 
inlet

Medium

Preform
1.5mm

t

 

Figure 25  PANEL 012904 mesh definition. 

A constant injection pressure of 101000 kPa was applied at the top left node as shown in 
Figure 25 while all other nodes add an initial pressure set to zero.  The material properties are 
summarized in Table 5.  The medium and preform initial porosity was set to 75% and 
68.29% respectively.  The resin viscosity was set to 0.376 Pa.s and was constant during the 
infiltration.  The simulations used the flow and compaction solution algorithm. 

Table 5  Material properties. 

 Medium Preform 

Initial porosity 75% 68.29% 

Kxx 8.3e-9  

Kyy 3.0e-11 Equation 3 

Kzz 8.3e-9  

Compaction / Equation 4 

 

A total of seven runs were defined as shown in Table 6.  The preform thickness was varied 
from 4.58 to 1.8 mm.  The range was chosen from the thickness measured during dry and wet 
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compaction tests.  A thickness of 4.58 mm corresponds to the initial preform thickness 
measured for the dry compaction tests.  The minimum dry preform thickness measured under 
full vacuum was 2.75 mm, while the minimum thickness for a wet preform under full 
vacuum was measured at 2.53 mm.  We also decided to investigate preform thickness below 
the minimum measured thickness to account for is possible errors in the preform thickness 
measurements 

A typical mesh is shown in Figure 26  It is clear that the preform is very thin compared to the 
length; therefore the mesh density was chosen to maintain an adequate aspect ration for the 
elements.  Two elements were used across the medium thickness, while six elements were 
used across the preform thickness. 

Table 6  Runs matrix. 

Run Name Preform Thickness, t (mm) 

Run 1 4.58 

Run 2 4.0 

Run 3 3.5 

Run 4 3.0 

Run 5 2.5 

Run 6 2.0 

Run 7 1.8 
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Figure 26  Typical mesh showing element aspect ratio used. 

3.3.2 Results 

Figure 27 shows the results for the predicted flow front evolution when the initial preform 
thickness is set to 4.58 mm (Run 1).  Good agreement with the experiment was observed for 
the top side.  However, a huge difference (1000 seconds) was observed for the tool side.  
Figure 28 and Figure 29 show the flow front predicted for all runs for the top side and tool 
side respectively.  From these figures, it appears that the preform with a thickness of 2 mm 
(Run 6) matches the experiment.  In this case, difference between the experiments was less 
than 10% on average.  Figure 30 clearly illustrates the thickness effect on the infiltration 
time. Thickness has a string effect on the flow at the tool side, but surprisingly has also a 
slight effect on the flow on the top side.  We believe that the interaction between the in-plane 
and through thickness flow is responsible for that behavior.  For a thin panel, the flow gets to 
the bottom faster. Therefore, the advance of the flow in the preform, particularly at the top, is 
faster than a thicker preform. 
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Figure 27  Comparison between predicted and measured flow front position with a 
preform initial thickness of 4.58mm (Run 1). 
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Figure 28  Comparison between predicted and measured flow front position on the top 

side. 
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Figure 29  Comparison between predicted and measured flow front position on the tool 

side. 
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Figure 30 Effect of preform thickness on flow front time at the end of the medium 
position = 575mm). 
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3.4 Discussion 

The panel investigated in this work is very challenging to simulate because of the large 
difference between the in-plane and through the thickness permeability (three orders of 
magnitude).  3DINFIL simulations clarify the different phases during a VARTM infiltration:  
the filling of the medium (Phase I), the end of the medium filling (Phase II) and the end of 
the preform filling (Phase III).  In Phase I, we observe that the medium is quickly infiltrated 
with some resin flowing in the preform.  But, as soon as the medium is full (Phase II), the 
resin pressure increases very rapidly and the flow rate increases in the preform.  In Phase III, 
the flow front progresses slowly as the end of the preform is infiltrated in-plane. 

Two phenomena are in competition: decreasing the medium length to accelerate the flow in 
the preform (pressure effect) also increases the length of the medium free preform where 
flow rates are low (Phase III).  VARTM simulations could help finding the optimum medium 
length to ensure complete preform infiltration in the processing window defines by the resin 
curing behavior.  

3.5 Conclusions 

In this study, we used 3DINFIL to simulate the resin flow through a uniaxial tackified carbon 
fiber preform.  The compaction and permeability models derived from experiments on the 
same preform were used in the simulations.  We mainly found that: 

• Infiltration time is very sensitive to preform thickness 

• Current implementation of compaction-flow does not account for thickness variations 
during the infiltration process 
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4 3DINFIL Modeling 

4.1 Preliminary sensitivity analysis 

In this first study, a 2D simple geometry was considered.  The objective of this study was to 
stress the importance of accurate physical properties measurements.  The panel modeled is 
600mm long and 4.58mm thick (Figure 31).  However the thickness is changing during the 
infusion.  Above the fiber preform, a medium layer of 575mm by 1.5mm is set. Finally, all 
the perform-medium assembly is embedded with a plastic bag not considered here. 

575mm

600mm

Resin 
inlet

Medium

Preform
1.5mm

4.58mm

 

Figure 31  Model geometric definitions. 

Quadrilateral finite elements (Figure 32) were used to mesh the geometry.  A total number of 
3500 elements were used in the simulations.  This number enables to get accurate results 
while keeping a calculation time below 5 minutes. 

 

 

Figure 32  Typical mesh. 
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4.1.1 Simulations definition 

As for all the other parameters, the material properties were obtained from the measurements 
on the material used.  The nominal material properties are given in Table 7. 

Table 7  Nominal material properties. 

 Medium Preform 

Initial porosity 75% 68.29% 

Initial Permeability 

Kxx (m²)

Kyy (m²)

Kzz (m²)

8.3e-9 

3.0e-11 

8.3e-9 

2.543e-10 

1.068e-13 

2.543e-10 

 

The preform has been defined as a proper material with the permeability law defined by 
Equation 3. 

A constant resin inlet pressure at the top left of the mesh was set and a vacuum at all the 
other nodes is applied. In 3DINFIL, this is accomplished by setting a heat source of -1 (the 
negative signs refers to an inlet resin group, and the number only refers to the number of the 
group) and a heat flux of 1 (initial fill factor) at the first node, and a heat source of 0 (initial 
fill factor) in all the other nodes. 

The geometrical model was set as given in Figure 31.  The medium and preform porosity 
were set to 68.29% and 75% respectively. 

In the general 3-D case, the permeability tensor has 6 independent components (3 by 3 
symmetric matrix). In our simple example here, this matrix is reduced to 2 constants for each 
material. The permeability used is defined in Table 8. 
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Table 8  Runs definition and material permeabilities. 

 Medium Preform 

Run number Kxx (m²) Kyy (m²) Kxx (m²) Kyy (m²) 

1 (Nominal) 8.300E-09 3.000E-11 2.543E-10 1.068E-13 

2 5.000E-09 3.000E-11 2.543E-10 1.068E-13 

3 1.000E-09 3.000E-11 2.543E-10 1.068E-13 

4 1.600E-08 3.000E-11 2.543E-10 1.068E-13 

5 8.300E-09 1.500E-11 2.543E-10 1.068E-13 

6 8.300E-09 6.000E-11 2.543E-10 1.068E-13 

7 8.300E-09 9.000E-11 2.543E-10 1.068E-13 

8 8.300E-09 8.000E-12 2.543E-10 1.068E-13 

9 8.300E-09 3.000E-11 5.086E-10 1.068E-13 

10 8.300E-09 3.000E-11 2.543E-09 1.068E-13 

11 8.300E-09 3.000E-11 1.272E-09 1.068E-13 

12 8.300E-09 3.000E-11 2.543E-11 1.068E-13 

13 8.300E-09 3.000E-11 2.543E-10 2.136E-13 

14 8.300E-09 3.000E-11 2.543E-10 1.068E-12 

15 8.300E-09 3.000E-11 2.543E-10 5.340E-14 

16 8.300E-09 3.000E-11 2.543E-10 1.068E-14 

 

The main idea of this study is to vary one parameter while keeping the others constant to 
their nominal value.  The reference point is however different for runs 1 to 8 and 9 to 16. The 
preform characteristics are kept constant in runs 9 to 16. 

4.1.2 Results 

Figure 33-36 show the results of this permeability study. 
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Figure 33  Influence of the medium permeability for the top side of the panel. 
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Figure 34  Influence of the medium permeability for the tool side of the panel. 
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Figure 35  Influence of the preform permeability for the top side of the panel. 
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Figure 36  Influence of the preform permeability for the tool side of the panel. 

The shape of the curves obtained confirms the linearity of the equations and the convergence 
of 3DINFIL code. Nevertheless, 3DINFIL may diverge particularly for low permeabilities 
(Figure 36, Run 16). Actually, in Run 16, the convergence conditions were reached. The 
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results may radically change from one simulation to the other. For instance, from Figure 36, 
an order of magnitude change in permeability can double the flow time. 

 In general, the measurement of permeability is more important for the preform than for the 
preform. Indeed, the curves are more dispersed when the preform permeability is varied. 
However it is important to keep in mind that the medium is much thinner than the preform 
(ratio length/thickness is 3 times higher for the medium). 

The longitudinal permeability affects the slope of the curves, while the transverse 
permeability changes the gap between the top and tool response. 

The medium response is very sensitive to variations in longitudinal permeability, while the 
preform response is more affected by the transverse permeability value. This underlines the 
physical principle of infusion: the low longitudinal preform permeability is compensed by the 
medium. 

4.1.3 Conclusion 

The modeling of resin flow requires several physical constants: 

- Porosity (1 constant) 

- Permeability tensor (up to 6 independent components) 

- Geometry (>2 components for the simplest 2D model) 

This gives a minimum number of 4 physical properties. And this number quickly gets 
increasingly high, as more complex or realistic models are considered. 

The porosity is simple to evaluate. In this study, the importance of only two components of 
the permeability tensor was investigated. 

The two points to remember form this study are that having a representative model requires 
accurate measurements of permeability. The second one is that the essence of the resin 
transfer molding is to compensate low longitudinal permeability by adding a highly 
permeable medium. 

As we have seen, there are still many variables that rule the physics of a resin flow. Other 
parameters, like geometry, are as important to get accurate simulation results. 

4.2 Complex geometries simulations 

Simple 2D geometries are useful to understand the general concepts of infusion. However, 
the goal of processing a simulation is to predict the infusion of real parts. In this section, two 
examples of complex composite structures are presented.   As the equations governing resin 
flow through a solid preform are complex, solving the problem with finite elements can be 
easily accomplished. In this section, the model of an angle laminate is presented. 
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This study is related to the investigation of the dimensional stability of a C-shaped composite 
material. When an angle piece part is processed, angular directions arise when the part is 
removed from the mold.  The goal is to investigate the relationship between the infusion 
scheme and the part distortion. 

4.2.1 Model description 

This study is based on a C-shaped part presented in [5]. The general geometrical data is 
represented in Figure 37.  The part is composed of a 225mm long preform and a 210mm 
medium. It is designed on a 100mm large square mold.  The angles of the mold have a radius 
of 6.25mm. Finally the preform thickness is 3.6mm and the medium is 1.5mm thick.  The 
preform is centered on the tool. The medium may be set in a centered or asymmetric 
configuration as shown in Figure 38. 

 210mm 

225mm 

6.25mm    

100mm 

 1.5mm Medium 

 
3.6mm Fiber 

 

 

 

 
Tool 

 

 

 

Figure 37  C-shape geometry. 
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Figure 38  Influence of the preform permeability for the top side of the panel. 

4.2.2 Material properties 

The definition of the material properties is the most difficult task for the curved geometry, 
since the change of orientation has to be considered. Different sets of properties for each 
material orientation along the curve have to be defined. The basic physical properties of the 
medium and the fiber are given in the Table 9: 

Table 9  Material properties of the C-shaped.  

 Medium Fiber 

Designation User defined Multiaxial Wrap Knit, 
unstitched, Tenax 1 stack 

Porosity 0.75 0.5 
8.300E-09 3.934E-11 
3.000E-11 1.646E-11 

Permeability 
tensor 

Kxx (m²)

Kyy (m²)

Kzz (m²)
8.300E-09 9.418E-13 

 

For each orientation, the rotation tensor was defined to get the right axial and transverse 
properties following the relation below: 
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tensorrotation

curved
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444 3444 21
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where θ  represents the orientation angle of the element in Figure 39. 

This limits the complexity of the model. Indeed, four linear segments with four orientations 
approximated the corner. For two angles and two materials, this means 16 different material 
properties (of 12 data number each) had to be defined only for the curves. This is a 
significant limitation of 3DINFIL for curved models. However, the present 4-orientations’ 
approximation enabled to obtain interesting results. 
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θu  
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y 

 

 
xu  

 

 

 
z 

 

 

 

Figure 39  Meshing properties of the angle part 

4.2.3 Mesh and boundary conditions 

Contrary to the material properties case, to mesh a curved geometry is not so harder than the 
straight case; Patran’s meshing algorithm does all the work.  A quadrilateral type of elements 
was chosen. To keep short calculation time, and as we were already limited by the number of 
elements in the curved parts, the number of elements was limited to 1200 (Figure 40). This 
simplification does not affect the accuracy of the results. 

 

Figure 40  Typical mesh (asymmetric configuration). 
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In order to study two configurations (centered and asymmetric), two sets of boundary 
conditions were modeled. However the only thing changing is the position of the resin inlet 
(Figure 38). The principle of the boundary conditions remains the same. 

The filling factors are not really different from the previous simulations. Nodes at resin inlet 
are set to a negative temperature of -1 and a heat source of 1 (filling factor). In all the other 
nodes a null heat source (no initial filling) to model the vacuum was used. 

4.2.4 Asymmetric infusion results 

The first model was the asymmetric configuration. It enables the observation of the main 
phenomena as the flow process or the influence of the two corners compared to a straight 
configuration. The time flow along the part is shown in Figure 41. The form of the response 
is quite identical to the straight model: the resin flows quickly along the medium and slows 
down as it reaches the end. The same diffusion gap through the thickness, although in this 
case, the part is much thinner and permeable compared to the panel used in Section 3.1. 
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Figure 41  Time flow for the external and tool side of the angle part. 

One of the other similarities with the flat panel case is the succession of flow phases (Figure 
42). The medium fills rapidly (Phase I), then the flow intensifies (Phase II) and finally the 
flow slows down in the final part of the preform (Phase III). This sequence is rather clear in 
the infusion animation in Patran. This phenomenon can be seen by plotting the pressure 
evolution at the center of the fibers (Figure 42). 
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Figure 42  Pressure for the center top point of the fiber (external and tool side): Three 
different phases of filling. 

As the simulations gave interesting results with a short calculation time, a 3D model was 
created to study the edge effects. This model only lied in an extrusion in the z-axis of the 
2D's one. However, as can be seen in Figure 43, the edge effects are negligible The flow is 
constant in the z-coordinate. The 3D case is only an extrusion of the 2D flow. Therefore it 
was not worth to consider 3D complexity and the 2D representation was used from this point. 
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Figure 43  3D model's resin pressure results: The code does not show important 
transverse effect. 
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4.2.5 Effect of the infiltration location 

The centered configuration gives interesting results about the infiltration time. Indeed, the 
simulations show that the part is fully infiltrated in about 30 seconds while it requires 1 
minute and 45 seconds with the asymmetric process (same order of magnitude as the 
experiments). From a production point of view, it seems to be more interesting to use the 
centered model. However when the fiber volume fraction is important, the choice is not as 
trivial (Figure 44).  
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Figure 44  Fiber fraction along the piece for the two resin inlet configurations. 

The fiber volume fraction variation through the thickness is negligible in this model as seen 
in Figure 44. The two inlet cases show the same distribution of fiber fraction between the 
resin inlet and the medium end. The quantity of resin is more important closer to the inlet 
point with a gradient greater for the centered configuration that could lead to heterogeneous 
shape near the end. Thus it is difficult to decide what inlet technique to use. Only a residual 
stress analysis could help in this comparison. 

4.2.6 Effect of the medium length 

Finally a series of simulations were conducted to study the influence of the medium length 
for the asymmetric case. The results for the time flow are shown in Figure 45. 
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Figure 45  Time flow for different medium lengths (measure on the tool side). 

Contrary to some other studies, in this case the time response is monotone towards the 
medium length: the longer the medium is, the quicker the piece is infused. Here the fiber 
permeability is too high to see a real optimization of the medium length (in some infusion 
cases, the longest medium does not give the lowest infusion time). The order of magnitude of 
the resin velocity is rather the same through the fiber and through the medium. So the piece 
will always get infused to the tool side. 
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Figure 46  Fiber fraction repartition at the final time of infusion for different medium 
lengths. 

The results for the fiber fraction confirm the previous results. As the medium is longer, less 
resin is required to fill the whole part and the fiber volume fraction is more homogeneous. 
This explains the offset noticed in Figure 46. 

4.2.7 Conclusion 

This study shows many interesting results concerning the simulation of the infusion process 
for curved geometry. Although the results are for an angle part they could be generalized to 
any geometry. First of all, the complexity of the material properties definition for each 
orientation is an important limitation of the 3DINFIL code. 

Nevertheless, interesting observations were made and order of magnitude for he solution 
could be achieved. Additional experiment data would be necessary to be able to compare the 
simulation results. 

The next step now should be to use the output of this model and to run a residual stress 
analysis to explain the angle variation phenomenon. 
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4.3 3DINFIL Sensibility analysis 

Computer simulations of manufacturing processes are increasingly used since it can save 
time and money. For VARTM modeling, it is very important to input accurate properties and 
boundary conditions in order to obtain valid results form simulation software. The objective 
of this study is to evaluate the effect of variation in material and processing parameters on the 
total infusion time of a flat panel. The results of this research will highlight the most 
significant parameters involved in the VARTM manufacturing process. 

4.3.1 Model description 

The model used in 3DINFIL  VARTM software is a simple flat panel. The general process to 
manufacture such a panel is shown in the following figure: 

 

Figure 47  VARTM manufacturing process. 

Assuming that the resin flow starts uniformly from the inlet spiral tubing, proper 
approximation is to model only a longitudinal cross-section of the panel (Figure 48). 
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Figure 48  Longitudinal cross-section of a VARTM panel. 

The resin inlet is assumed as a simple node at the left hand side of the medium. The 
distribution medium does not extend completely to the end of the panel, in order to reduce 
the flow front lag between the top and bottom of the preform. Figure 49 clearly shows the 
mesh geometry generated in Patran. 

 

Figure 49 - Geometry mesh for the VARTM panel model. 
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4.3.2 Sensitivity analysis parameters 

In this study, nine different parameters are varied by ±10% of the nominal values obtained 
from material characterization or actual processing conditions.  The parameters are classified 
in two categories: material properties and processing condition (see below). 

Material Properties: 
- In-Plane Preform Permeability (A) 
- Through Thickness Preform Permeability (B) 
- In-Plane Medium Permeability (C) 
- Through Thickness Medium Permeability (D) 
- Dry & Wet Preform Compaction (E) 
- Resin Viscosity (F) 

Processing Conditions: 

- Pressure Gradient (G) 
- Medium Gap Length (H) 
- Preform Thickness (I) 

 

Table 10 lists the input of the various parameters for the nominal case, the lower bound    (-
10%) and the upper bound (+10%).  The VARTM processing variable investigated is the 
total infusion time, which corresponds to the time taken by the resin to reach the lower (tool 
side) right corner of the preform. The nominal values for all the parameters resulted in a good 
agreement between experimental result and the 3DINFIL simulation (Figure 50). 
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Figure 50  Comparison between experiment and 3DINFIL results for nominal case. 
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Table 10  Material and process related parameters. 

  Constant 
Name 

Lower Bound 

Level 1  -10% 

Upper Bound 
Level 2  +10% 

Nominal 
(Ref.) 

a ||  1.52E-13 1.86E-13 1.69E-13 

A In-Plane Preform 
Permeability 

b ||  -6.3590 -6.3590 -6.3590 

a  ⊥ 1.64E-15 2.00E-15 1.82E-15 

B Through Thickness 
Preform Permeability 

b  ⊥ -3.5544 -3.5544 -3.5544 

C In-Plane Medium 
Permeability  ---  7.47E-09 9.13E-09 8.30E-09 

D Through Thickness 
Medium Permeability  ---  2.70E-11 3.30E-11 3.00E-11 

const1dry 0.3732 0.4251 0.39913 

const2 dry -0.0436 -0.0497 -0.04667 

const1wet 0.3324 0.3786 0.35551 

const2 wet 0.0906 0.1032 0.09687 

const3 wet 5.9807 6.8122 6.39643 

E Dry & Wet Preform 
Compaction 

φ 0.66587 0.70001 0.68294 

F Resin Viscosity         
(Pa-s)  ---  0.3384 0.4136 0.376 

G Pressure Gradient    (Pa)  ---  90900 111100 101000 

H Medium Gap Length (m)  ---  0.0225 0.0275 0.025 

I Preform Thickness (mm)  ---  1.80 2.20 2.00 

 

4.3.3 Description of material related parameters 

 

Preform Permeability (A & B):   The preform permeability is calculated in 3DINFIL with 
Equation 7:  
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( )b

( ) ⊥
⊥⊥ =

=
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f

f

VaK

VaK ||
||||  (7)  

where K||, , and V⊥K f are the in-plane, through thickness permeability and fiber volume 
fraction respectively. Constants a || , a ⊥ ,  b ||  and  b ⊥  are obtained from permeability tests.  
Figure 51 shows the preform permeability range studied (Table 10) where the upper and 
lower bound correspond to variability observed in the permeability measurements. 
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Figure 51  Preform permeability range. 

 

Medium Permeability (C & D):   The medium permeability is described by a constant in 
3DINFIL . Through thickness permeability includes the effect of the peel ply layer. 

 

Preform Compaction (E):   The preform compaction is calculated in 3DINFIL with  
Equation 8:  
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where εdry, εwet and P are the dry preform strain, wet preform strain and the fiber pressure. 
Constants const1dry, const2dry, const1wet, const2wet and const3wet are obtained from preform 
compaction tests. The preform fiber volume fraction is computed internally by 3DINFIL 
using the following relation: 

 
ε
φ

−
−

=
1fV 1  (9) 

where φ and ε are the initial preform porosity and the preform strain (εdry or εwet). It is 
important to note that the initial preform porosity was also changed for the lower and upper 
bound (Table 10).  Figure 52 shows the range in dry and wet compaction curves defined by 
the lower and upper bounds. 

Preform Compaction Law

0

20

40

60

80

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fiber Volume Fraction

Pr
es

su
re

 (k
Pa

)

Pressure Dry Experimental
Pressure Dry Nominal
Pressure Dry Lower Bound
Pressure Dry Higher Bound
Pressure Wet Experimental
Pressure Wet Nominal
Pressure Wet Lower Bound
Pressure Wet Higher Bound

 

Figure 52  Preform compaction range. 
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Resin Viscosity (F):   The resin viscosity corresponds to a constant in 3DINFIL and is 
assumed constant throughout the entire infusion time (which may not be the case in a real 
experiment if the infusion time is long compared to gel time). 

4.3.4 Description of processing condition parameters 

 

Pressure Gradient (G):   This parameter corresponds to the pressure differential between the 
inlet (resin) and outlet (vacuum).  

 

Medium Gap Length (H):   This parameter is shown by the “Gap” dimension in Figure 48.  

 

Preform Thickness (I):    This parameter is shown by the “Thickness” dimension in Figure 
48. 

 

4.3.5 Sensitivity analysis results 

In order to optimize the sensitivity analysis for nine parameters, a Taguchi design of 
experiments approach was selected. Since this is a 9 two-level factors experiment study, a 
detailed analysis can be performed using only 12 experiments (L-12 array). The Taguchi L-
12 orthogonal array is used to design experiments with 8, 9, 10 or 11 two-level factors. It is 
good to note that 512 (29) different experiments would have to be performed in the case no 
design of experiments techniques where used. Table 11 shows the experiments description as 
well as the total infusion time obtained in 3DINFIL. 

The results for each simulation are evaluated in the Qualitek-4 software. The software 
provides the results for the main effects, the optimum condition and performance and an 
analysis of variance. The main effects give the infusion time if only one parameter was 
changed at a time and all others were kept constant (Table 12).  The optimum condition and 
performance, which is not of interest in this study, gives the level to choose for each 
parameter in order to get the lowest possible infusion time, as an example.  Then, the analysis 
of variance (ANOVA) describes the steps to follow in order to get the percentage effects of 
each parameter on the total infusion time, as seen in Table 13. 
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Table 11  Taguchi L-12 orthogonal array with simulation results. 

Experiments A B C D E F G H I Infusion 
Time (sec.) 

Nominal Case          485 

1 1 1 1 1 1 1 1 1 1 540 

2 1 1 1 1 1 2 2 2 2 771 

3 1 1 2 2 2 1 1 1 2 432 

4 1 2 1 2 2 1 2 2 1 299 

5 1 2 2 1 2 2 1 2 1 412 

6 1 2 2 2 1 2 2 1 2 590 

7 2 1 2 2 1 1 2 2 1 455 

8 2 1 2 1 2 2 2 1 1 334 

9 2 1 1 2 2 2 1 2 2 583 

10 2 2 2 1 1 1 1 2 2 622 

11 2 2 1 2 1 2 1 1 1 568 

12 2 2 1 1 2 1 2 1 2 333 

Total 18 18 18 18 18 18 18 18 18  

         *  1 = Lower Bound (-10%) 

  2 = Upper Bound (+10%) 
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Table 12  Main effects of each parameter on total infusion time from Taguchi analysis. 

Infusion Time (s) 

Factors 
Lower 
Bound Effect Higher 

Bound Effect 

In-Plane Preform Permeability 507.4  4.5% 482.5  0.6% 

Through Thickness Preform 
Permeability 519.2  7.0% 470.6  3.0% 

In-Plane Medium Permeability 515.6  6.2% 474.3  2.3% 

Through Thickness Medium 
Permeability 502.2  3.5% 487.7  0.4% 

Dry & Wet Preform Compaction 591.1  21.8% 398.7  17.9% 

Resin Viscosity        (Pa-s) 447.0  7.9% 542.8  11.8% 

Pressure Gradiant (Pa) 526.2  8.4% 463.6  4.5% 

Medium Gap        Length (m) 466.2  4.0% 523.7  7.9% 

Preform Thickness (mm) 434.6  10.5% 555.2  14.4% 
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Table 13  Analysis of variance of parameters on infusion time from Taguchi analysis. 

Factors DOF Sums of 
Squares Variance F-Ratio Pure Sum Percent

In-Plane Preform 
Permeability    (m2) 1 1,860.0 1,860.0 3.5 1,334.3 0.6

Through Thickness Preform 
Permeability    (m2) 1 7,076.2 7,076.2 13.5 6,550.4 3.0

In-Plane Medium 
Permeability    (m2) 1 5,117.1 5,117.1 9.7 4,591.3 2.1

Through Thickness Medium 
Permeability    (m2) 1 630.4 630.4 1.2 104.7 0.1

Dry & Wet Preform 
Compaction 1 111,053.1 111,053.1 211.2 110,527.3 50.3

Resin Viscosity        (Pa-s) 1 27,552.1 27,552.1 52.4 27,026.3 12.3

Pressure Gradiant (Pa) 1 11,768.6 11,768.6 22.4 11,242.9 5.1

Medium Gap Length (m) 1 9,918.8 9,918.8 18.9 9,393.0 4.3

Preform Thickness (mm) 1 43,609.0 43,609.0 82.9 43,083.2 19.6

       

Error 2 1,051.4 525.7    2.6

       

Total: 11 219,636.6  100.0

From the analysis of variance, we can easily see that some parameters, such as perform 
compaction, are very important to understand before running computer simulation. In order 
of importance (Figure 53) are:  

1- Dry & Wet Preform Compaction (50.3 %) 
2- Preform Thickness (19.6 %) 
3- Resin Viscosity (12.3 %) 
4- Pressure Gradiant (5.1 %) 
5- Medium Gap Length (4.3 %) 
6- Through Thickness Preform Permeability (3.0 %) 
7- In-Plane Medium Permeability (2.1 %) 
8- In-Plane Preform Permeability (0.6 %) 
9- Through Thickness Medium Permeability (0.1 %) 
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Figure 53  Parameters overall effect on total infusion time. 

There is also an error of 2.64 % on the results, which is caused by the fact that the L-12 
orthogonal array used to solve the Taguchi system was not complete, as we used only 9 of 
the 11 possible columns. 

4.3.6 Conclusion: 

This case study first showed that a well-defined composite process model could provide 
accurate predictions of infusion time. This study also shows that it is very important to well 
understand the individual effect of each parameter used in 3DINFIL.  It is clear that small 
variations in the preform compaction behaviour can have a significant effect on the preform 
infiltration time.  Therefore, great care must take to measure the preform compaction 
behaviour and particularly the preform initial thickness. 
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5 Hat Stiffened Panel Simulations 
A simulation of the infiltration of a hat stiffener panel was performed to compare the flow 
front predicted by 3DINFIL and the experimental results.  The finite element mesh was 
generated using MSC PATRAN and the simulations were performed using 3DINFIL Version 
5.0 on a PC with the Linux operating system.  

5.1 Run definitions 

A 2-D mesh was chosen to simplify the model.  The flow front was reasonably uniform 
across the width of the panel but two sets of experimental results were considered.  One in 
the middle of the panel and one in the last section to be infused (quicker infusion), as shown 
in Figure 54. 

 

Figure 54  Two sets of experimental results following black lines. 

Figure 55 shows the geometric definition of the hat stiffened panel with the different material 
regions, dimensions and the location of the injection point.  The gap between the end of the 
MAWK perform and the end of the medium is initially set to 1 inch (25.4 mm). 
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Figure 55 – Hat stiffened panel geometry and materials. 

A constant injection pressure of 101,000 Pa was applied at the top left node as shown in 
Figure 55 while all other nodes add an initial pressure set to zero.  The material thicknesses 
used in the model are summarized in Table 14 and the properties Table 15.  Motor oil with a 
constant viscosity of 0.376 Pa.s was used for the experiment so the resin viscosity of the 
model was also kept constant at this same value during the infiltration.  The simulations used 
the flow and compaction solution algorithm. 

Table 14  Material thicknesses used in the 3DINFIL model. 

Material Thickness (mm) 

Medium 1.500 

1 Stack MAWK 1.850 

1 Layer Biaxial 0.318 

2 Layer Biaxial 0.636 

 

Table 15  Material properties used the 3DINFIL model. 
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  Medium MAWK Biaxial 

Initial Porosity 0.752 0.5714 0.7507 

Model 
Constant None a b a b 

Kxx 8.30E-09 2.00E-13 -7.620 6.21E-13 -5.836 

Kyy 5.00E-11 6.00E-15 -7.294 6.21E-13 -5.836 

P
er

m
ea

bi
lit

y 
  

Kzz 8.30E-09 4.00E-13 -5.363 6.21E-13 -5.836 

dry_const1 0.151 0.475 

dry_const2 
None 

-0.034 0.065 

wet_const1 0.122 0.306 

wet_const2 0.035 0.211 C
om

pa
ct

io
n 

wet_const3 

None 

14.076 3.168 

 

A typical mesh is shown in Figure 56.  It is clear that the preform is very thin compared to 
the length; therefore the mesh density was chosen to maintain an adequate aspect ratio for the 
elements while keeping a low number of elements. 
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Figure 56  Typical mesh showing element aspect ratio used. 

5.2 Results 

Figure 57 shows the point used to compare the infusion time in 3DINFIL with the 
experimental results.  Basically we consider the time the flow front takes to reach each of 
these points.  Points 1-13 are associated with the medium side and points 14-22 are 
associated with the tool side. 

 

Figure 57  Points used for the comparison between the experiment and the model. 

5.2.1 Nominal atmospheric pressure 

The comparison between the predicted flow front assuming 101 kPa inlet pressure and the 
measured values (Panel 092904) is presented in Figures 58 and 59.  For reference, two 
infusions of 1 stack of MAWK are also shown.  The difference between the experiment and 
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the simulation is evident as 3DINFIL predicts an infiltration time of about 120 seconds 
compared to 240 seconds for the experiments.  However, the flow front evolution in the 
medium predicted with 3DINFIL is in good agreement with a one stack MAWK preform, the 
same used for the skin of the hat stiffened panel (Figure 58).  The agreement for the tool side 
between 3DINFIL and the one stack panel is not as good as the presence of the hat inserts 
affects the flow from the medium to the tool plate (Figure 59).  It is reasonable to expect that 
the flow front at the tool interface of the hat stiffened panel be slower compared to a 1 stack 
preform.  Therefore, the large difference between the 3DINFIL predictions and the actual 
experiment for the hat stiffened preform suggests that something was slowing down the 
infiltration.  It could be possible that the resin line or the spiral tubing could be pinched 
creating a restriction to flow and consequently a pressure drop. 
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Figure 58  Comparison between predicted and measured flow front position on the 
medium side. 
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Figure 59  Comparison between predicted and measured flow front position on the tool 
side. 

In order to investigate the effect of a pressure drop in the resin line on the preform infiltration 
behaviour, a series of simulation are conducted where the resin pressure is set to 80, 60 and 
50 kPa.  The results are presented in Figure 60 and Figure 61.  The effect of a decrease in the 
resin pressure also decreases the discrepancy between the simulations and the experiment.  
The 50 kPa resin pressure simulation agrees very well with the experiments.  This tends to 
confirm that something in the resin line causes a significant pressure drop from atmospheric 
pressure.  An indication of such a problem comes also from the very uneven flow front in the 
preform width observed in the early stages of the infiltration (Figure 54 frames 1 and 2).  In 
typical 1 stack or even 4 stacks infiltration, the flow front is very uniform across the preform 
width.  The infusion time difference between the experiment and the model right under the 
hat stiffener inserts (Figure 57, Point 16) can be explained by the fact that the aluminium 
insert provides additional compaction on the preform as they act as pressure intensifiers.  
This cannot be accounted for in the infusion simulation.   
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Figure 60  Predicted and measured flow front position at various pressures over media 
side. 
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Figure 61  Predicted and measured flow front position at various pressures on tool side. 
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6 Conclusion 
Several conclusions can be drawn from this work and they are summarized below. 

• The VR56-19 resin have different cure kinetic and viscosity compared to the VR56-4 
system. 

• 3DINFIL can predict the infiltration of the uniaxial tackified preform, but great care 
should be taken when selecting the initial preform thickness as the infiltration time is 
very sensitive to this parameter particularly for this type of preform 

• A sensitivity analysis of the variation of material and processing conditions shows 
that the preform compaction behavior has a strong effect on the preform infiltration.  
The characterization of this material property is therefore very critical for accurate 
prediction of preform infiltration and compaction. 

• The infiltration of complex shapes is possible with 3DINFIL and the optimization of 
the infiltration point and medium length could control the part final fiber volume 
fraction. 

• The infiltration of a complex hat stiffened preform is simulated with 3DINFIL and 
results suggest that the flow during the actual experiment was affected by a restriction 
in the resin line leading to a significant pressure drop and un-uniform flow front 
across the preform width. 
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