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Abstract 
The study of pulsatile flow through a compliant tube has multiple applications especially within 

human body. This phenomenon is more complex than flow inside a rigid tube. Because of the motion 

of the tube wall, the fluid radial velocity at the wall is no longer zero. Thus, the driving pressure 

changes cause local movements of the fluid and tube wall, which then propagate downstream in the 

form of a wave. This study will provide us a better understanding role of the flow-wall interaction and 

can be applied with the vascular disease diagnostic in the future. 

The objective of this research is to study the behavior of pulsatile flow in a compliant tube 

using two-dimensional numerical model. The first stage of this study focused on the pulsatile in a rigid 

tube in order to develop a fundamental understanding before moving on to the pulsatile flow in a 

compliant tube. The numerical modeling was built by using the finite volume method and solved with 

SIMPLEC technique. The velocity field and pressure distribution was analyzed and compared with the 

linear theoretical solution. The numerical result shows that amplitude of flow rate depends on the 

frequency of applied pressure. For low frequency pressure, the amplitude velocity field is close to 

steady flow velocity and maximum velocity is almost in-phase with the pressure. As the pressure 

frequency increases, the maximum velocity magnitude decreases. Also the lag of velocity phase can 

be observed because of the fluid inertia. If the excited frequency is too high, the fluid is unable to 

response the change, and the maximum velocity magnitude approaches zero. 

The steady flow in a compliant also studied numerically and experimentally. Flow rate was 

varied based on the Reynolds number from 800 to 4100. The tube deformation of the numerical model 

matched well with the experimental and the theoretical result. However, difference between the 

numerical result and the experimental model increases as the length of the tube increased. This 

difference caused by bulking and non-circular deformation in the experimental model. This effect was 

not found in the numerical model due to the assumption of circumferential symmetrical flow. 

The study of pulsatile flow through a compliant tube was studied through the developed 2-D 

numerical model at various flow rates, frequencies and young modulus. The parametric study of 

pulsatile flow were setup by using the Womerseley number, which were set from 3.34-6.67, and 

Reynolds numbers, which were set from 800 to 4100. The solutions of numerical model presented that 

changing of pressure was non-proportional to the tube's length. The velocity distribution varies in both 

radial and longitudinal direction and propagates downstream along with the pressure wave with a 

certain amount of phase lag. The tube’s dimension also decreases by increase Reynolds number and 

wall stress was increase by increase the pressure. The difference between velocity phase and 

pressure phase increases as the pressure frequency increase. The magnitude of velocity also 
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decreases as the pressure frequency increase. This study will provide us a better understanding role of 

the flow-wall interaction and can be applied related applications in the future. 
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1. ����
���
8��/#%&�����1:8�� 

 ��#�	?%	��
�*�$	
�����,����
��3�$��")&$'����* (Congenital Heart Disease) ��#��H 

5,000 ��)&��} ��9���*���� 0.8 ����>�:��)>����'��
��*�$	
��$�*	�����*1 :;������~
�	
�����,����
��3�$���#)���

��$@�,*�$���&�)�* ��9�$������� ����~
�,����
��3�$��")&$'����*���7��* ����
7

�)���&%*�C����$�
�����
�#�
&��

������
����:���"�#�
� (atrial septal defect (ASD)) �7&� �����	
����� transposition of great vessels 

(TGV), tricuspid atresia (TA), hypoplastic right ventricle, total anomalous pulmonary venous connection 

1
�����=��39��������-�$���&�)�*��
���*�$, �C����,����
�� $��$��"3	�>

��������	
��	
��
����	�������������������������� !��"���!# �



 
 

���	
� 1 "��/�3"�*���$@H#���,����
��3�$����#�/	  univentricular heart defect 

 

$���&�)�* Fontan Operation [Fontan and Baudet, 1971] ����$���&�)�*��
��	
�"$�%�,����
��3�$��

��#�/	  univentricular heart defect �7&� tricuspid atresia (TA) ,*��#	'�$���&�)�*��
�����
�������&���
�

*�
�$��)&�������9�**'� inferior vena cava (IVC) "�# superior vena cava (SVC) ����$��������9�*"*�	
��'�

��9�*��$��
�������&���
�%������* (Pulmonary Artery) ,*�%�&�&����
�������&��:;��$���&�)�* Fontan 

Operation ��������C"�&���$%*��������
�=
 

1. Atrio-Pulmonary Connection (APC) ����$���&�)�* Fontan "��*����*��,*�	
�����7���
��������

�
�����)�
7&
����D
*��9�*%������* *�������;��&�)�*��
����D3�#��
�������&���
�,*�$��)&�

��
�������
�������$�� Pulmonary Artery *��"�*������ 2($) ")&��$$��?;$@�,*��7����$$��

	��3�?��)�>���%����/������ [Low et al., 1993 "�# Kim et al., 1995] 3�
&���
�������
�

��%�&%*��
�&
�7&
���$�����D
*��9�*")&���	'�����$�*$�������
�3��������$�;���
$ 

2. Total Cavopulmonary Connection (TCPC) ����$���&�)�*��
�����
�������
�	����������*�
�

$��)&� IVC "�# SVC ����$�� PA ,*�)��*��"�*������ 2 (�)  Sharma et al. (1996) "�# 

Lardo et al. (1999) %*�	'�$��	*���"��
�'��
�$�������
�3������,*��7�	A@T
*���3�?��)�>

������%��"��
3�
&� TCPC �
$�������
�3����������$
&� APC 
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($)        (�) 

���	
� 2 $���&�)�* Fontan Operation 

($) Atrio-Pulmonary Connection    (�) Total Cavopulmonary Connection 

 

����~
�	
��&��$���&�)�*�
��#���9��3
��"�&��
����������:���	
�	'�����	
����D
*��9�*%���
����&��$�� *������$��

��9�$)'�"��&����$��)&�������9�* �
�	�����$@H#$��)&�������9�*��$���&�)�*�;��
����&������)&�$�������
�

3��������$��%�������9�* [van Haedonck et al., 1995, Sharma et al., 1996, Migiliavacca, 1996, Dubini 

et al.,1996, de Leval, 1996, Ryu et al., 2001 "�# Khunatorn et al., 2002] :;���
��$�#	�,*�)��)&�

��#��	=������$���&�)�* "�#����3=>���#�#��
����$���&�)�*�
$*�
� [Humes et al., 1976, Mayer, 1998, 

Stamm et al., 2001, Mair et al., 2001]  ��9�����$��)��$����
�7

�)�������~
�	
�%*����$���&�)�* Fontan �


����)-�&
����&����$ ����
#$���)����*�$)������
�� $���-*)�����������9�* Morgan et al. (1998) %*�

�'�����
&�$���-*)�����������9�*�
������$)'�"��&�"�#��$@H#$��)&�������9�*��$���&�)�* �'�������

��#�	?%	� ��)����*7

�)�$�� 5 �}�������~
�	
�%*����$���&�)�* Fontan �9� 83% [Soonswang et al., 2000] 

C;�"��
&�$���&�)�*�#�����C��$@���9�"$�%��������~
�$��������$)�%*� ")&����~
�����&
�$��
 ��$��

"	�$:�����&���9���7&� Pulmonary Hypertension (PHT) �9� ��$�����$���
"��)��������* ��9�*�����* 

(Pulmonary Vascular Resistance, PVR) ��� :;������)�
"���'����	
��#��$C;��
������"�� ���,����
��

3�$��	���$&��"�#����$���&�)�* $��	'�$����$@� PHT ������-��������C	'�%*�*�
�$������� ")&$���&��7��*

"�#�����H���������#�� ���� �'������#)�����?��$��
�*�&� PVR 	
�"�&��'� 
�=
$��
�*�&� PVR 	
�������)�B��

������-���	'�%*�,*�
�=
)�
��
���
���39��
�*��)��$��%��"�#�&���&��
��*���� Main Pulmonary Artery 

(MPA) "�# Pulmonary Arteries (PA’s) "��
�;������C�'��
��&�"��)��������*��9�*�����*%*� $��)�
�

�
���
���
�����
���)���%*�,*��D3�# ���*�$���$ C;�"��
&��#�

�=
�9��:;���������)�������$
&� �7&� $��)�
�

��9����
���#	�����
�� (Echocardiography) "�# Ultrasound Doppler ")&��	
�%*�$�%�&�����C���
�����3��=>

�#�
&����	
�%*�$���&� PVR %*�,*�)�� 

*������$��?;$@�"�#	'��
��������39��B����3A)�$���"�#�-H��$@H#���$��%��"��3���>/����

	&�	
��9*��-&�%*�%�&�3
��")&�#������
������������#��$��%���

��,���)���*
�;��"�#����"�
	��	'�����&�)�*

�
��#��	=�������;���	&�����  ��������C�'�%���&$��3�5��$���'��
����&� PVR 	
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 1670 2450 3250 "�# 4064 ���$��%��	
� Womersley number �	&�$�� 3.3483  61 

5.22 ��)��$��%��)��"�
$��%�����	&�	
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�������D9�� H ����	&�	
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5.24 $�����
���"������*���	&� 	
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3250 "�# 4064 ���$��%��	
� Womersley number �	&�$�� 3.34    63 

5.25 ���
���	
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��*��"�#�
�����
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5.26 $�����
���"�����)��$��%��	
��&����,�*����)&��E     65 

5.27 $�����
���"������*����
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1.1  �����1I��� 

 

 ���$T$��H>���$��%��"��3���>/����	&�	
��9*��-&�%*������C3�%*����#��)&�� E ��$�����

7

�)��#�'�
��,*��D3�#��&������ $��%�������9�*/����������9�* "�#$��%���

�������9�*/������
�� 

,*����$<$��H>	
��$�*�;����$��%����#�/	�
��#�
$���<����3��=>$���#�
&������	
��9*��-&� "�#���%��	
�%��

���&/���� 	'�����$�*�����
��:��:������������
�%�C;�$�����'�)������������#�/	�
� ��	� $��

$�#���)�
����
��*�� "�#�
�����
 �
$	����
������	
��$�*�;�������� $��%����$@H#�
�,*�	��
%�"��
�#�$�*

%*��������$@H#�9� $��%��	
��$�*��$���*�����,�������� (structure driven) ����$�����
���"������

,��������	'�����$�*$��%���;�� ��	� ��
���
�)�
	'�����$�*$��%��%�)��������9�*��9�$���
�)�
���	&�	'����

��'�%��%��������� "�# $�����*��	
��$�*��$���%��	'�����$�*$�����
���"�������&�����	&� (fluid driven) $��

%�������'��&��	&�	'����	&�����)�
��9��*)�
 �
�����3��=>�#�
&����$@H#$��$�#���)�
����
�����
���

���%��	
��$�*�;�� ���*�������	&�	
����
���"���%��
�C;�$�����
���"����
��*��)$��&�� "�#�&��
������

�D9��	
��$�*�;��/����	&� �#�����C�7��������>�
�����	
�������#,�7�>��&����$�� *���
�?
$���"�#��?��)�>

$��"3	�>	
��$
��
���� 

��#�	?%	��
�*�$	
�����,����
��3�$��")&$'����* (Congenital Heart Disease) ��#��H 7,000-8,000 

��)&��} ��9���*���� 0.8 ����>�:��)>����'��
��*�$	
��$�*	�����*   (�����=��39��������-�$���&�)�*��
���*�$, 

�C����,����
�� $��$��"3	�>, 2546)  :;������~
�	
�����,����
��3�$���#)�����$@�,*�$���&�)�* ��9�$�����

�� ����~
�,����
��3�$��")&$'����*���7��* ����
7

�)���&%*�C����$�
�����
�#�
&��������
����:���"�#�
� 

(atrial septal defect (ASD)) �7&� �����	
����� transposition of great vessels (TGV), tricuspid atresia (TA), 

hypoplastic right ventricle, total anomalous pulmonary venous connection 

 

��������	
��	
��
����	�������������������������� !��"���!#  1 



 
1.  ����� 

  

 

 
 

��1#%& 1.1  "��/�3"�*���$@H#���,����
��3�$����#�/	  univentricular heart defect 

 

$���&�)�* Fontan Operation [Fontan and Baudet, 1971] ����$���&�)�*��
��	
�"$�%�,����
��3�$��

��#�/	  univentricular heart defect �7&� tricuspid atresia (TA) ,*��#	'�$���&�)�*��
�����
�������&���
�

*�
�$��)&�������9�**'� inferior vena cava (IVC) "�# superior vena cava (SVC) ����$��������9�*"*�	
��'�

��9�*��$��
�������&���
�%������* (Pulmonary Artery) ,*�%�&�&����
�������&��:;��$���&�)�* Fontan 

Operation ��������C"�&���$%*��������
�=
 

Atrio-Pulmonary Connection (APC) ����$���&�)�* Fontan "��*����*��,*�	
�����7���
���������
�

����)�
7&
����D
*��9�*%������* *�������;��&�)�*��
����D3�#��
�������&���
�,*�$��)&���
�������
�������

$�� Pulmonary Artery *��"�*������ 2($) ")&��$$��?;$@�,*��7����$$��	��3�?��)�>���%����/������ 

[Low et al., 1993 "�# Kim et al., 1995] 3�
&���
�������
���%�&%*��
�&
�7&
���$�����D
*��9�*")&���	'����

�$�*$�������
�3��������$�;���
$ 

Total Cavopulmonary Connection (TCPC) ����$���&�)�*��
�����
�������
�	����������*�
�$��)&� 

IVC "�# SVC ����$�� PA ,*�)��*��"�*������ 2 (�)  Sharma et al. (1996) "�# Lardo et al. (1999) %*�	'�

$��	*���"��
�'��
�$�������
�3������,*��7�	A@T
*���3�?��)�>������%��"��
3�
&� TCPC �
$��

�����
�3����������$
&� APC 

 

��������	
��	
��
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  ($) Atrio-Pulmonary Connection      (�) Total Cavopulmonary Connection 

��1#%& 1.2  $���&�)�* Fontan Operation 

  

 

����~
�	
��&��$���&�)�*�
��#���9��3
��"�&��
����������:���	
�	'�����	
����D
*��9�*%���
����&��$�� *������$��

��9�$)'�"��&����$��)&�������9�* �
�	�����$@H#$��)&�������9�*��$���&�)�*�;��
����&������)&�$�������
�

3��������$��%�������9�* [van Haedonck et al., 1995, Sharma et al., 1996, Migiliavacca, 1996, Dubini 

et al.,1996, de Leval, 1996, Ryu et al., 2001 "�# Khunatorn et al., 2002] :;���
��$�#	�,*�)��)&�

��#��	=������$���&�)�* "�#����3=>���#�#��
����$���&�)�*�
$*�
� [Humes et al., 1976, Mayer, 1998, 

Stamm et al., 2001, Mair et al., 2001]  ��9�����$��)��$����
�7

�)�������~
�	
�%*����$���&�)�* Fontan �


����)-�&
����&����$ ����
#$���)����*�$)������
�� $���-*)�����������9�* Morgan et al. (1998) %*�

�'�����
&�$���-*)�����������9�*�
������$)'�"��&�"�#��$@H#$��)&�������9�*��$���&�)�* �'�������

��#�	?%	� ��)����*7

�)�$�� 5 �}�������~
�	
�%*����$���&�)�* Fontan �9� 83% [Soonswang et al., 2000] 

C;�"��
&�$���&�)�*�#�����C��$@���9�"$�%��������~
�$��������$)�%*� ")&����~
�����&
�$��
 ��$��

"	�$:�����&���9���7&� Pulmonary Hypertension (PHT) �9� ��$�����$���
"��)��������* ��9�*�����* 

(Pulmonary Vascular Resistance, PVR) ��� :;������)�
"���'����	
��#��$C;��
������"�� ���,����
��

3�$��	���$&��"�#����$���&�)�* $��	'�$����$@� PHT ������-��������C	'�%*�*�
�$������� ")&$���&��7��*

"�#�����H���������#�� ���� �'������#)�����?��$��
�*�&� PVR 	
�"�&��'� 
�=
$��
�*�&� PVR 	
�������)�B��

������-���	'�%*�,*�
�=
)�
��
���
���39��
�*��)��$��%��"�#�&���&��
��*���� Main Pulmonary Artery 

(MPA) "�# Pulmonary Arteries (PA’s) "��
�;������C�'��
��&�"��)��������*��9�*�����*%*� $��)�
�

�
���
���
�����
���)���%*�,*��D3�# ���*�$���$ C;�"��
&��#�

�=
�9��:;���������)�������$
&� �7&� $��)�
�

��9����
���#	�����
�� (Echocardiography) "�# Ultrasound Doppler ")&��	
�%*�$�%�&�����C���
�����3��=>

�#�
&����	
�%*�$���&� PVR %*�,*�)�� 

*������$��?;$@�"�#	'��
��������39��B����3A)�$���"�#�-H��$@H#���$��%��"��3���>/����

	&�	
��9*��-&�%*�%�&�3
��")&�#������
������������#��$��%���

��,���)���*
�;��"�#����"�
	��	'�����&�)�*

��������	
��	
��
����	�������������������������� !��"���!# 3 



 
1.  ����� 

  

 
�
��#��	=�������;���	&�����  ��������C�'�%���&$��3�5��$���'��
����&� PVR 	
�"�&��'�"�#%�&�������)���

$������~
�%*� "�#��������C�'�%���#�-$)>�7�$��$��
�����#�> "�#?;$@� ������$
��
$�� �#��$��%���

��

,���)�9��E %*���$��$������������C�'��
������
��������39��B���
�%��7���$����$"�� �-�$�H>��9����9����9�

	��$��"3	�>����
��#��	=�/�3��$�;�� 

 

1.2  �
�0)1�/
������������� 

�����"���'�����7��)�
��������)����$��%��"��3���>��	&�	
��9*��-&�%*� "�#?;$@��
�����3��=>

�#�
&��)�
"��	
��$
��
����$��$��%�� �7&� �
��*�� �
�����
 $�� $�����
���"�������&��"�#�
�������D9�� 

(Shear Stress) �������	&� �
�%�C;��
�����3��=>�#�
&����9���
��*��"�#��9���
�����
	
��$�*��$3���>���

$��%�� 

 

1.3  ��������������	
� 

"���'����	���H�)?��)�>�����)����#��3�$�*	��$�#��$ (Cylindrical Coordinate) "�#3�?��)�>

���%��	
�������;����,���$���
��#�����3
��"���'������9���)���	&����� ,*��#���&/���)����-)�B��	
����%��

�������%��"����*)�
%�&%*�"�#�������%��"�� ��
,)��
�� (Newtonian Fluid) "�#�-H����)��������	&�	
�

�9*��-&�%*�%�&�;��$��	�?	��"�#3�$�*������� (Isentropic Material) 

 

1.4  1�/�����#%&�(*�
�	�����������	
� 

1. %*�"���'�����7��)�
��������)����$��%��"��3���>��$��%��	
��9*��-&�%*� 

2. %*�"���'������������9*��-&�	
�����#��$��$���'�%���#�-$)>�7�$���������	
��$
��
����$��	&�	
�

�9*��-&�%*�"��)&�� E 

3. 	����
�����3��=>�#�
&��)�
"��	
� �$
��
����$��$��%�� �7&� �
��*�� �
�����
 $�� $��

���
���"�������&��"�#�
�������D9�� (Shear Stress) �������	&� 

4. 	����
�����3��=>�#�
&����9���
��*��"�#��9���
�����
	
��$�*��$3���>���$��%�� 
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�����	
���/#?@G%#%&��%&���*�� 
 

2.1  �����	
�#%&��%&���*�� 

 

 ���
�����$
��
$��$��%��/���)�����	
��9*��-&�%*��
�������
��$
&�����}"��
 (1985 - 2005) Zhaos "�#

�H# (1998a "�# 1998b) %*�"�&�$�-&����
������$%*��������$�-&����$�9� $�-&�	
���;���-&�?;$@�	��*���

"���'����	���H�)?��)�>���������9�* "�#3A)�$����������������9�* $�-&�	
�����-&�?;$@�"���'����	��

�H�)?��)�>���$���<����3��=>�#�
&�����%�� "�#���"��� H ����������9�* ,*�$�-&�"�$%*������	'�$��?;$@�

����
�} �.?. 1950 "�#�����$��
����%*�C�$�'����7�,*�$�-&�	
��������
�} �.?. 1980 

 Lambert "�#�H# (1958) %*��'�����"���'����	���H�)?��)�>������%��/����	&�	
��9*��-&�%*�

"��%�&�����7������ 3�
&������"���'����	
�%�&�����7�����������C"�*�����9���
��*��%*�*
$
&�"���'����

"���7������ Whirlow "�#�H# (1965) %*�
�����#�>$��%����	&�	
���������"�� viscoelastic ,*�	'�$��"$�

�#����$���
��-�$��%����&�
�$����$��$�����9���	
�������"���"�� elastic 3��
��")$)&�������

�����9���
��*���#�
&��$��%����	&�"�� elastic "�#��	��	A@T
���$��%����	&��$���	
�%*���$������ 

Womersley (1957) ������$ ��&��%�$�)����$��	*������ Whirlow "�#�H#$���*�����$��$��	*���

��� McDonald (1960) )&��� Atabek "�#�H# (1966) %*�	'�$��
�����#�>	��	A@T
���$��"3�&�����9��

�
��*����$��%��������%����*)�
%�&%*� (incompressible fluid) /����	&�	
��
�
�����������)�� ��$��


�����#�>3�
&���$��"3�& "�#$���&��&�������9���
��*���;�����&$���&��
�������������	&� Mirsky (1967) 

%*�?;$@�$��"3�&����
��*�����$��%��/����	&� elastic "�� orthotropic ,*��7�"���'�����7��)�
��� 

3�
&��
�������C��$��"3�&�����9���
��*���;�����&$���&� tangential modulus of elasticity �����������

���$ )&������} �.?. 1968 Atabek 3�5��"���'�������$��%��/����	&� elastic "�� orthotropic 	
��


�
�����������)�� 3�$
&���9���
�����
�;�����&$����)���&
��#�
&���&� longitudinal modulus "�# �&� 

circumferential modulus ���} �.?. 1972 Ling "�#�H# (1972) %*�	'�$�����
����$��
�����#�>"���'����	
�

%�&�����7���������$��%��"��3���>	
��
$���'��;�C;��������
�����������/����������9�*"*� (arteries) $��

$��	*���3�
&�"���'���������C�'�������%*��7&��*
�
$��$��	*��� Cancelli "�#�H# (1985) 3�5��

"���'����	���H�)?��)�>�'�����	&�	
��-�)�
%*�	
���#$��*�
�"��*;�)���
����
������� "�#$�������
�

3��������$���$�*$��"�$)�
���7������%�� �����
����3�
&��
$���$�*$��$�#)-��)�
�������$�*���:����7��

�;����9���
�����
������%�����$
&��
�����
���$��"3�&�����9����
 Wu "�#�H# (1989) 3�5��"���'����

	��	A@T
���$��"3�&�����9��"��%�&�����7�������;��,*���?���
�����3��=>�#�
&���
������	
�����	&� �
��

����������%�� "�#$�����9���	
����������9�* 

 Wu "�#�H# (1984) %*�	'�$��
�����#�>�����"���'����	
�%�&�����7������3�
&���	
�%*���*�����$��

���
����	��	A@T
��� Green "�# Adkin (1960) ���} �.?. 1992 Dutta "�#�H# (1992) 	'�$���'����$��

%��"��3���> "�#���:����	��
��	&�"�� elastic ,*���?�����)�B����� Ling "�# Atabek (1972) 3�
&�

��������	
��	
��
����	�������������������������� !��"���!#  5 



 
2.  	���������%�&'(����
������#�	 

  

 
�&��
�������D9�� "�#����$��%���&��%�
)&��-��K��#�
&���
��*�� "�#$��%�� Perktold "�#�H# 

(1993) ?;$@������$��%��"��3���>������%��"�� non-Newtonian ��&�
�$���
���9*��-&�%*��������

/����	��"�$���������9�*	
��
$��,�~�3�� ��$��?;$@�3�
&��&��
�������D9����$����	&�	
��9*��-&�%*�%�&�


�
��")$)&��$������	&��$��� ��&��%�$�)��$�����9���%�
��������
��)&�$��"�$7���������%��"�#���*

����
�������D9�� Lou "�#�H# (1993) %*��7�"���'�����7��)�
���"�������)�?;$@�3�?��)�>���$��%��

/��������)
�	
��9*��-&�%*�3�
&�$�����9���	
��������	'�����$�*$��%������$���������%��"�#�&��
������

�������	
��9*��-&�%*��
�&�����$
&������$��� 10 ����>�:��)> Steinman "�#�H# (1994) �'�����$��?;$@���

$���9*)�
���������"���'���������)����$��%��"�� ����-)&�-���� (end-to-side anatomoses) 3�
&���

$���9*)�
�
��)&��&��
�������D9��������$ Hofer "�#�H# (1996) %*�	'�$��?;$@�3�?��)�>������%��

/����$��%��"�� ����-)&�-���� (end-to-side anatomoses) *�
�
�=
$���7��)�
���3�
&�$�����*���	&�"�#

$�����
���"����&��
������D9���$�*�;������-*	
����)&����	&� "�#�
���9*��-&�%*����	&�	'����$���$�*$��

��-�
����$��%�� "�#$��%������$����*�� Downing "�#�H# (1997) 3�5��"���'�����7��)�
�����;��

��)����	&�)
�	
��9*��-&�%*��39��?;$@������$�������
���9�����$"����
�*	�� "�#$��%��"��3���>/��������

��9�*)
� ��$��?;$@�3�
&�$�������
���9�����$"����
�*	���
��)&����*���$��)
�)�
���	&� 

Greenshields "�#�H# (1999) �'�����
�=
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2.2.1 �������	�
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 (Governing Equations) 
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��>-�,)$�> (Navier-Stokes Equations) 	
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����)�� �#�;�����&$���#��3�$�*�������	
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2.2.1.1 ������������������ (Continuity Equation) 
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2.2.1.2 ������������������������������������� (Newton’s Second Law) 
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u �9� �
�����
������%�� ��"�
"$� x , m/s 

v  �9� �
�����
������%�� ��"�
��?�
  r , m/s 

p �9� �
��*��������%��, N/m2

� �9� �
�����"�&�������%��, m3/kg 

� �9� �����#��	=���
����9*���>  (Dynamic Viscosity) ������%��, 

kg/m-s 

r  �9� ��?�
���	&�, m 
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2.2.2.1 �����
"		����� ���!����"�#����#� (Steady Flow in Rigid Tube) 
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(Zamir, 1998) 
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��1#%& 2.3 $��%��"�������
���&��	&�$�� (Fung, 1997) 
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2.2.2.2 �����
"		���$�

��������!�������#� (Oscillatory Flow in a Rigid Tube) 
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����"��K��$>7����� (periodic function) *��"�*�����$�� (2.19) 
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� (Zamiar, 1997) 

tiUeu ��

 

 
� �
� �

tie
J
J

dx
dpiatru ��

� ��
�

�
��
�

�
�

�
�

�
0

0
2

2

1),(  (2.21) 

 

��9��     �9� Bessel Function of the first kind, of order zero  0J
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��9�� J1 �9� Bessel Function of the first kind, of the first order  
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��1#%& 2.4  $�����
���"���	
��$�*�;��$������"�#"��/����$ (a) $�����
���"���	
�����	&� 

(b) 
�����#�>7����&
��������  (c) 
�����#�>�
������	
��$�*�;��$��7����&
��������         

(Wu ,1989) 
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� Rw  �9� ��?�
)��$;��$���39����
���	&�, m 

 S�  �9� �
������)���
����
���	&�, N/m2 

 S�  �9� �
������)��"�
�������
����	&�, N/m2

 p w  �9� �
��������� ���%��	
�)���D�$$������	&�, N/m2 

 p t   �9� �
��������� 39����
	
�)���D�$$������	&�, N/m2

  w   �9� �
�������D9����� ���%��	
�����	&�, N/m2

  t    �9� �
�������D9��	
�39����
��� ����	&�, N/m2

  h     �9� �
������������	&�, m 

 ax         �9� �
����&���"�
"$�,m/s2  

 ar         �9� �
����&���"�
��?�
,m/s2

 �e    �9� �
�����"�&��������	&�, N/m2
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�&� 1-3 

  p      �9�   �
��*���C�)�>, N/m2 

 Si     �9� �	��:��>����
������ 

 EJ     �9� �
�����
�* 

   �9� �&���	
��
���9*��-&��������& (Lame’s elastic constants) jk
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j
i B  ,A
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2.2.3.1 �����
"		����� ���!������&��
���&� (Steady Flow in a Compliant Tube) 

 

3����H�$��%��������%��/����	&�	
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� (Fung, 1997)  
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�%�&�����7��
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 $�� ��)��$��%��	
������7������ ,*�	
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�$$'�������

������� (Fung, 1997) 
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�� (exponentials) %*�*���
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-  Cartesian Coordinate  ����C;� 3�$�*D�$����3�$�*����������"$�)���D�$:;��$��"�#$�� 

-  Cylindrical Coordinate ����C;�3�$�*����������	��$�#��$:;���&���$"$������
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 ��?�
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-  Spherical Coordinate ����C;�3�$�*����������	��$�� 

-  Curvilinear Orthogonal ����C;�3�$�*��������������,���	
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- Unstructured grid ��9�$��*	
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2.2.5 ����+�&��������$'���  (Discretization Method) 
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2.2.6 ��8�$���5
#�  (SIMPLEC Method: Semi-Implicit Method for Pressure-Link Quations 

– Consistent ;Van Doormal and Raithby (1984)) 
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��������&��������$��*�����%	 (discretized form) 

%*�*���
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��1#%& 2.15 $��$'���*)'�"��&����$��*�����%	 

 
 � �3 ��� � JiJIJInbnbJiJi Appuaua ,,,1,,  (2.70) 

 

 � �3 ��� � jIJIJInbnbjIjI Appvava ,,1,,,  (2.71) 

 

 

1. $'���*�&� p*  �����)�� 

2. ���&� ��$��$�� u* "�# v* ��$��$�������&�� 

 

 � �3 ���� !!
�

!!
JiJiJIJInbnbJiJi bAppuaua ,,,,1,,  (2.72) 

��������	
��	
��
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2.  	���������%�&'(����
������#�	 

  

 

 � �3 !!
�

!! ��� jIJIJInbnbjIjI Appvava ,,1,,,  (2.73) 

 

"	��&� (2.72) "�# (2.73)�� (2.70) "�# (2.71) �#%*� 

 

� � � � � � � �" #3 !!
��

!! ������� JiJIJIJIJInbnbnbJiJiJi Appppuuauua ,,,,1,1,,,  (2.74) 

 

� � � � � � � �" #3 !!
��

!! ������� jIJIJIJIJInbnbnbjIjIjI Appppvvavva ,,,1,1,,,,  (2.75) 

 

3. �7��&��
��*�� p’"$�%� �&��
��*�������)�� p*  �����)�� 

 

    (2.76) ppp 4�� !

 

4. �7��&��
�����
"$�%��39�����%*��
�����
	
�"	����� u’, v’ 
 

  (2.77) 
vvv
uuu
4��

4��
!

!

 

5. �7��&�"$�%�����
��*������"	��&�����$���
�����
 

 

 � �3 4�4�4�4 � JiJIJInbnbJiJi Appuaua ,,,1,,  (2.78) 

  

 � �3 4�4�4�4 � jIJIJInbnbjIjI Appvava ,,1,,,  (2.79) 

 

 

	'����  3  "�#   ��*%� �#	'������$��$�������&�����
�����
���9� 4nbnbua 3 4nbnbva
 

 � �JIJIJiJi ppdu ,,1,, 44�4 �  (2.80) 

 

 � �JIJIjIjI ppdv ,1,,, 44�4 �  (2.81) 

,*�	
� 

 
3�

�
nbJi

Ji
Ji aa

A
d

,

,
,   (2.82) 

 

 
3�

�
nbjI

jI
jI aa

A
d

,

,
,  (2.83) 
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2.  	���������%�&'(����
������#�	 

  

 
,*�$���7�)�
"$��&�����
�����
�#%*��&�����
�����
	
�"	�����*����$�� 

 

 � �JIJIJiJiJi ppduu ,,1,,, 4�4�� �
!  (2.84) 

 

 � �JIJIjIjIjI ppdvv ,1,,,, 4�4�� �
!

 (2.85) 

  

$���'��
H,*��
�*�
�
�=
$��	'�:���3��$      �����C��
���
$���������$@H#"��/�3*�����   

2.16  $��"$������$��%��/����	&�	
��9*��-&�%*��#����$��"$�������#�
&�� $��%��"�#$��

���
���"�������&��3����E $��:;���#)����7���$��
�����
� �#�
�
��*��	
�����)�
"���'���� ��$��

"$�������&
�$���#�
&��$��%��"�#$�����
���"�������&�����	&� 

 
��1#%& 2.16 "��/���$���'��
H*�
�
�=
:���3��$ 
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��	
��
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�##%& 3 

���
�*�����	�����#������,�
��� 
 

$�������"���'�����7��)�
�����������$���'������$���H�)?��)�>	
�$�&�
%����		
� 2 ��

�'��
H���'�)��*�
�
�=
$���7��)�
��� :;���#�
����)�����$E���&	�����* 3 ����)�� �9� ����)��$&��$��

��#�
��� (pre-processing)  ����)��$����#�
��� (processing) "�#����)������$����#�
��� (post-

processing)  ���&
��������)��$&��$����#�
��� �#����$�������"���'����	��$��/�3�������� $��

$'���*��9���%������)  ��9���%������)�� "�#�-H����)�����#��$��/�3 ����)�����$����#�
���	
��7�


�=
$���7��)�
����������'��
H���'�)����$��$���
��-� �����$���'��
H	
�%*��#C�$�'���"�*�"�#


�����#�>�3����)��������)������$����#�
���   

 

3.1 ��>�����������?�0��
%
  (Pre-Processing) 

$��"$���������	&��9*��-&�%*� ,*�$���'�����/�3	��$��/�3���	&�"��
$'���*�&���9���%�

�����)��"�#��9���%������))&��E�39��"$������*���
� 

3.1.1 �������� Geometry Model 

 

$�������"���'������$��?;$@��
��
 2 �&
��9� $�������"���'�������$��%��������%��

/����	&�"����$���"�#/����	&��9*��-&� ,*�$��$'���*���*���	&��������������$���*�������

��9�*���&:;���
$��������$�,*�$'���*���	&��
���*�����&��?���>$����	&�$�� 25.4�������)� (1���
) 

� �
  200  �� ��� � �)�  ( 
�5�� , 2 524 )    :;� � �
 � 
 ��������	& �  2  ���*  �9 �  	& ����  

1 �������)�  "�# 1.1 �������)�  $��%��/����	&�	
�3����H������
�����
��
��$@H#	&�$��	
��
$��

%������"������)���������&��?���>$��� *������$��$'���*��9���%�	
�����)��#7&
����	'�$��

�'��
H%*��
*���
�;�� D#����$�������"���'���� 2 ��)����$��%���&��	&�"����$��������;��
$�������

�3
����;���*
�
 *����� 3.1 

  
 

��1#%& 3.1 /�3��$�):> ���	&�"����$���%�&��*�
������������	&� 

  

��������	
��	
��
����	�������������������������� !��"���!#  32 



 
3.  �����#�	��������	��	)+�
-��
�� 

  

 
�&
�"���'�������	&��9*��-&�%*����� �#3����H����&
��������	&��&
�$��$��%��	
��$�*�;��

/����	&��;��
$��$'���*�
��������	&� :;�����	&��
�
����� 2 ���* �9� 	&���� 1 �������)�  

"�# 1.1 �������)�  "���'�������	&��9*��-&�%*�"�*�*����� 3.2 

  

 
��1#%& 3.2 /�3��$�):>���	&��9*��-&�%*�	
�3����H��
������������	&� 

 

3.1.2 ����
���!'����&�+����	����+���, 

 

��$$�������"���'����	��$��/�3���	&� *��$�&�
%�"��
����)����$��
�����#�>�39����

�'�)����$��$���
��-�*�
�
�=
$���7��)�
����#)���"�&�,*���$���'��
H��$�����&
�E*�
�
�=
 

*�����%	�:7��� (discretization) ,*�"�&�,*���$���'��
H)'�"��&�)&��E *�
�$��*"��,��������*��

"�*������ 3.3 "�#���D��	
�%*���$$���'��
H�#�������D�� H )'�"��&��-*	
��$�*�;����,*������

$���'��
H ��9�����$3A)�$���$��%��"�#$�����
���"�������&�����	&������
�����
��
���*%�&

��$��$�
$	����������"�� 2 ��)�  *������$���7� $��*"��,�������� (structured grid) :;��������$@H# 

$��* 	
�����#��"�#�&��)&�$���'��
H"�#$���'���
�����#�>��/������  

���
�����
��
$��"�&� $��* �����
����
��� ���&
���� ���%��"�&�$��*)��"�
"$� x  �	&�$�� 

100 �:�  "�#  )��"�
"$�  y  �	&�$�� 20  �:�  �&
�	
���������	&����� "�&� $��* )��"�
"$� x  

�	&�$�� 100 �:� "�# )��"�
"$� y �	&�$�� 5 �:� 

��������	
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��
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�������

(	��
	��) 

	���
� 

Interface 

 

��1#%& 3.3 $��$'���*7&
� $��* "�#$��"�&������)���$���'��
H 

 

��9�����$"���'�����7��)�
���	
�������;���
$���<����3��=>�#�
&�� $��%��������%��$��

$�����
���"�������&�����	&� �;��'�����)����
$��$'���*�&
���������)�	
��#�7���$���'��
H 

��$���� 2 �����)�,*�$'���*���� �&
�	
��������"���:;��$��9��&
�	
���������	
��9*��-&�%*� "�# �&
�	
�

�������%����	
��
��#�-������'�:;���
$��$'���*�&��
�����"�&�"�#�
����9*�����"���'�����&
�	
�

��������	&��#$'���*�&����,�*���� 

 

3.1.3 ����+���&����������	��� 

��$��	
��#�'��
H���'�)���D3�#��$��$���
��-����� ��$��$$��$'���*��9���%�

�����)����"���'����"��
��9���%������)��������&�	
��'������$����$C;����D���������� ��� 

3.4 "�*�$��$'���*��9���%������)���"���'����������
�����
� 

��������	
��	
��
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Wall 1 

Centerline 

Wall 3 

Outlet 

Wall 2 

Inlet 

x = 0 

Interface 

x = L 

��1#%& 3.4  $��$'���*��9���%������)���"���'���� 

 

$��$'���*�����)�����C�=����%*�,*��#��
�**���
� 

 

$.  ��9���%������) 	
�	������ (Inlet) $��$'���*��9���%������) 	
�	���������� $��

$'���*�&�	
��$
��
$��$��%����*������&���������
��*����9��
�����
�����������	&��39��	
��#���

�'��
H���&��'�)��	
�)���$�� ��$��%��	
��
��$@H#������������#�
$��$'���*�&���9���%������)	
�

	�������������*����$��    

p = Pcos (�t) 
 

����$������&��
��*��	
����
���"���)���
��	
�	����������$@H#������9��	��*���,�%:�>	
��


��)�����
�7���-��	&�$�� � 

�.  ��9���%������)	
�	����$ (Outlet) $��$'���*��9���%������)	
�	����$����

$������&����)�
"��	
�	����$���	&������
�����
��#$'���*�&� 

 

0�p  

 

�.  ��9���%������)	
����� (Wall) ��$��3����H�����	&��9*��-&�%*�,*�"�&���$���� 

3 *��� �9� *���)��	�� *�������	��"�#*����� ,*��
����#��
�*$��$'���**�
� $�����*���

�
�����
	
�����	&�	
�)��	��"�#����	������?���>  *��������9���%������)	
�)��	��"�#����	������ 

 

0�� vu  
 

�&
�*���������	
�����	&�%�&�
$�����
���"�����"�
"$� �
")&$�����
���"�����"�
��?�
���	&�

�	&�����*��������9���%������)�����C$'���*����   

 

0v0u 5�  
 

�.  ��9���%������) 	
�39����
�&
�  (Interface)  $��$'���*��9���%������) 	
�39����


�&
�   ,*��
$�����"��$�#	'�,*��&�������$�*$�����
���"��� ���*���	&��
�
�����
��"�
��?�


���	&��$�*�;��*������ 
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0v0u 5�  

  

	
�39����
�&
��
��
$�����"��*��/����	&��&
�*�
�  ,*�$��$'���*����"��*��/����$	
�$�#	'�)&�����

	&��
�	'�����$�*$�����
���"�������&�� 

�.  ��9���%������)����)� (Symmetry) )��)'�"��&�$;��$������	&� �
$������)�

���"�
"$������C$'���*%*�*�
���$���9� 

 

0�
�
�

�
�
�

y
v

y
u

 

 

3.1.4 ����+���&����������� 

$��$'���*��9���%������)���#)���$'���*	����
�����
"�#�
��*��$&��*��"�*������ 3.5 

�
�%�C;�����&�����	&�$&��	'�$���'��
H��9�����$�����	
�3����H� �����
�����
����������	
��;�����&

$���
��*�������/�
#�����)���;��
�
���'������$���'��
H���'�)�� H �
���*E 

 

��9���%������)��  

   

ux , t = 0 

Px ,t = 0

 

x = 0 

E  

tx

tx

p
u

,0

,0

�

�  
tLx

tLx

p
u

,

,

�

�  

x = L 

 
 

��1#%& 3.5 "�*�$��$'���*��9���%������)�����"���'���� 

 

�'�����$��$'���*�&������)�����$���������$�H
?;$@�$��%��"�����:����	��
� ,*�3����H�

�
��C
� :;�����������$:���
��> (Zamir, 1998) 	
� 3.34  4.74  5.78 "�# 6.67 ����7&
�����
��C
���$

)�'�%����	
�������-���$��3����H�$��$���7����	
��
$��%�������9�*/�������*��9�* :;���7��
��

��$��	'����"�#�&���� 6t    "�*�%*�*��)���� 3.1 

 

 

 

��������	
��	
��
����	�������������������������� !��"���!# 36 
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�����#%& 3.1    "�*��
��"�#�&���� 6t ��$������&�$��"���'�������	&�	��� 3 

 

Womersley 77
�7

� T 6t(s) 

3.34 0.0692 90.751 5.672 

4.74 0.1393 45.083 2.818 

5.78 0.20713 30.319 1.895 

6.67 0.2758 22.768 1.423 

 

 

 

Womersley 

77�7
�7 T 6t(s) 

3.34 0.0692 86.977 5.436 

4.74 0.1393 43.186 2.699 

5.78 0.20713 29.043 1.815 

6.67 0.2758 21.809 1.363 

 

 

 

$��$'���*�&�����
��*�������)��	
�	������	&�	
�	'�����$�*��)��$��%��	
���)�
�&�)&��E  

��$  p = Pcos(�t)    �&� P 	
���)��$��%��)&��E*��"�*���)���� 3.2 

 

����� 3.2   "�*��
��*�������)�� ��$������&�$��"���'���� 

 

Q P Re 

1L/min 0.326 835 

2L/min 0.653 1670 

3L/min 0.979 2450 

4L/min 1.423 3250 

5L/min 1.779 4064 

������ 3 

������ 1 
�� 2 
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��
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3.1.5 �����@��"
0����+���&�
,��	���������"
0�����
 

$�������"���'����	���H�)?��)�>���$��%��/����	&��9*��-&�%*��
���-)�B���9�	&�

�9*��-&��
$������)�	-$*���"�#�
����
���	&�%�&���
���"��� 	&����*�����&��?���>$��� 25.4 

�������)���� 1 �������)� 2 	&�  �
�&����,�*����   E = 3.825 MN/m2 "�# 5.148 MN/m2     "�#	&�

���*�����&��?���>$��� 24.86 �������)� ���  1.1  �������)� 1 	&��
�&�  E = 4.544 MN/m2  $��

"�&��&
���$���'��
H"�*�*�����  3.6 $��$'���*�-H��$@H#����&
�)&�� E ��$���'��
H �
���

%��/����	&� 

C��3����H��
�����3��=>����&��
�������D9��	
�$�#	'�$�����%��"�#��)��$����
����

�7���-�������%��(:;���
�&��	&�$���&��
��7������
�����
)&��#�#�&��) 	
��$�*�;������$@H#�����7��

�������%��	
��
3A)�$���*��$�&�
�
��#C�$��
�$
&����%����
,)���
��(��?�$*��, 2547) ���������$����

��9�*

�� ��
�,*���9�*�#3����H�����
3A)�$����������%��"����
,)��
�� �D3�#������
H	
��


��)���
�������D9����� (>100 sec-1) *������$��%��/����������9�*���&	
��
�&���)���
�������D9��

��$$
&� 100 sec-1 ,*��
�&� �
����9*�����9�*�	&�$�� 3.5 cP (0.0349 dyn sec/cm2) ��$�H
	
�

3����H�������9�*���	
��
�&���)���
�������D9��)�'���$ E ��9�*�#3����H�������� non-Newtonian 

fluid (Wiener et al., 1966) *��������$��3����H����%��	
����$��"���'�����;���*���� ��
,)���
�� 

"�#���%������%�&�����C��*)�
%*�:;���7�������'��
�����"�&� �  ��	
� 1000 kg/m3 �
����9*

������H> � 0.001 kg/m-s ��)��$��%����� ���%��/����	&� 1 – 5 ��)�)&���	
$��%������"��

���'����� "�#"�����:����	��
���$�H
?;$@�  

 

 

����	���������������
������ Solid 

����	��	���
�������
������ Fluid 

 
��1#%& 3.6 $��$'���*�-H��$@H#����&
�)&�� E ��$���'��
H"�&������&
����%��"�# 

����	&� 

 

3.2 ��>�������?�0��
%
 (Processing) 

$��%����� ���%��/����	&�	
��9*��-&�%*� �#�
$���<����3��=>$���#�
&�����%��"�#����	&� 

$���$�*�
��*��)$��&��	'�����$�*$��%�� :;�����H#�*
�
$���
��*��	
�")$)&���#�
&��/����	&�"�#

/����$	&�$��#	'�����$�*$�����
���"���39��	
�����)�*�;��*����������)��$���'��
H�;��
��$@H#"�*���

��� 3.7 ,*��������$$��$'���*�/�
#�����)��"�#�����)	
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�����>)� 10 1 0.8 83 41 0.5 

���*��9�*"*����*���& 3 40 3 22 20 0.9 

���*��9�*"*����*$��� 1 600 5 13 10 0.8 

���*��9�*"*����*���$ 0.6 1800 5 13 1 0.08 

���*��9�*"*���� 0.02 4x107 125 0.5 0.2 0.4 

���*��9�*��� 0.008 12x108 600 0.1 0.1 1 

���*��9�**'���� 0.03 8x107 570 0.1 0.2 2 

���*��9�**'����*���$ 1.5 1800 30 2.2 1 0.5 

���*��9�**'����*$��� 2.4 600 27 2.5 10 4 

���*��9�**'����*���& 6 40 11 6 20 3.3 
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 �����&��?���>$��� (mm) ��
 (mm) ���  (mm) Young Modulus 

1 25.4 200 1.0 3.825 MN/m2

2 25.4 200 1.0 3.825 MN/m2

3 24.9 200 1.1 4.544 MN/m2
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�%*������"���'�����7��)�
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�"�$����$���'����	
�$��%��"����)�
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$���9����
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�$�����
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����$��$���'��
H 	��	A@T
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�����$�H
?;$@�$��%��"�����:����	��
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�$�����
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��� ��)��$��%��  Womersley "�#�&����,�*���� (Young modulus ; E )  

 ��$$��?;$@�)�
"������9���)���������$ $�������"���'������&���&�����	&�"����$������*�����&��
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��	
  %*����
���	
���&����)�
"����	��	A@T
$��"���'�����7��)�
����39���9���������"���'����3�
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 200 �������)� ��� 1 �������)� ,*��7���)��$��%����$�����
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Presentation OverviewPresentation Overview

• Motivation
• Technical Review
• Open Issues
• Governing Equations
• Numerical Modeling
• Numerical Results and Discussion
• Conclusion
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MotivationMotivation

Pulsatile Flow within a Compliant vessel

MPA

RPA
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Technical ReviewTechnical Review

Mathematical Modeling (1950s-80s)

Numerical Modeling (1980s-present)

• Model several type of elastic material
• Solution presented in the form of analytical solution
• Mainly focus on wave propagation characteristic
• No fluid dynamics perspective

• Apply the mathematical modeling from above with
the fluid flow modeling

• Focus on specific application/problem or location
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• Detail study of pulsatile flow structure in a 
compliant wall has not been carried out

• Influence of flow patterns, flow instabilities on 
the pressure drop and energy loss and tube
deformation

• Effect of compliant vessel wall on the
hemodynamics

Open IssuesOpen Issues

 

Overall Goals

– Study the relationship between fluid dynamic structures and resulting
pressure drop/energy loss

– Understand the difference in behavior of these structures within rigid
and compliant wall

Specific Objectives

– Develop a computational methodology to model wall compliance
effect on fluid dynamics in a simplified configuration

– Study flow structures (primary flow, secondary flow, recirculation,
and flow separation/reattachment) of a TCPC connection with
compliant vessel modeling

Goals and ObjectivesGoals and Objectives
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Governing EquationsGoverning Equations
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Momentum Equations
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Compliant Tube Modeling and AssumptionCompliant Tube Modeling and Assumption

1. Tube has thin wall and uniform thickness and
initially straight

2. No stress in the lateral axis

Hooke’s Law � �� �xxrrE
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Coupling between Fluid Dynamics andCoupling between Fluid Dynamics and
Wall MotionWall Motion

Solution u, v, p,
vessel

deformation

Solve Fluid
parameters,

u, v, p

Calculate the
vessel

deformation

Initial and
Boundary
Conditions

Update the
Numerical grid

 

Governing ParametersGoverning Parameters

Reynolds Number

Womersley Number

Young Modulus

R
�
��

��

�
�VD

D �Re

9
$

�E

Inertia Force/Shear Force

Transient Inertia Force / 
Shear Force

Tube Deformation & 
Wave Speed
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Wall 3

Outlet

Wall 1

Inlet

Wall 2

Numerical ModelingNumerical Modeling

Centerline

Interface 

- No Stress
- Free Displacement- No Displacement - No Displacement

- Free Displacement
- Implicit Pressurep = Pcos t� p = 0

Fluid :    Water

= 1000 kg/m3

= 1 x 10-3 kg/m.s

Incompressible

Newtonian Fluid

�
�

 

Steady Flow within a Compliant TubeSteady Flow within a Compliant Tube

1-D Laminar Steady Flow in a Compliant Tube (Fung, Y.C., 1996)
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Radial Stress in very small compared with the circumferential stress
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Model ValidationModel Validation

Pressure drop and deformation comparison between
numerical model and analytical model (Fung, Y.C., 1996)
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Pressure and Velocity ComparisonPressure and Velocity Comparison
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Velocity PropagationVelocity Propagation
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ConclusionConclusion

• Deformation cause secondary flow and separation at
the vessel wall

• Flow rate over an oscillatory period is not zero
• Maximum velocity is greater than rigid tube
• Maximum velocity attenuate along the axial direction
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Recommendation for Future Work

– An elastic model with lateral and circumferential
stress and deformation in all direction

– 3-D modeling
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Solution u, v, p,
vessel

deformation

Solve Fluid
parameters,

u, v, p

Calculate the
vessel

deformation

Initial and
Boundary
Conditions

Update the
Numerical grid

Wall 1

Inlet

Centerline

Interface 

Wall 2 Wall 3

Outlet

The fluid is driven by oscillatory inlet pressure and the
axial velocity is zero at the interface.

Boundary conditions

Inlet: p = Pcos(�t) Outlet: p = 0

Wall 1 Wall 2 u = 0 v =0

Centerline

Conclusion
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Introduction

Governing Equations

Coupling between Fluid Dynamics and Wall Motion

Numerical Modeling

Pulsatile flow through a compliant tube plays a major role
in several applications especially blood flow within human body.
This phenomenon is more complex than flow inside a rigid tube
because of the interactive between flow and motion of the wall.
Furthermore, it has been evidenced that the fluid mechanic
parameters plays an important role to the clinical information.
Two dimensional modeling of the oscillatory flow within a
straight compliant tube are being developed to observe the flow
characteristic and affect of the compliant in detail. This study will
provide us a better understanding role of the flow-wall interaction
and can be applied with the vascular disease diagnostic in the
future.

Two dimensional numerical models are built using structured
grid and the solution can be obtained by the finite volume
method using the CFDRC™ software.

Numerical Results

Numerical Modeling of Oscillatory 
Flow within a Compliant Tube

Yottana Khunatorn1, Thawan Sucharitakul1

1Mechanical Engineering, Faculty of Engineering, Chiang Mai University, THAILAND

The fluid flow is governed by the Navier’s Stoke equations.
The pressure distribution of the fluid is coupled with the solid
wall motion by using Hooke’s law.
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Hooke’s law

Velocity distribution and wall displacement

Flow rate vs. time (at different maximum flow rate and frequency)

Flow rate vs. time
(at different wall stiffness)

Flow rate vs. time
(at downstream locatoins)

��������	
��	
��
����	�������������������������� !��"���!#  87 
 



 
������� 

  

 
 

Computational Study in
Cardiovascular Engineering

Asst. Prof. Yottana Khunatorn

Mechanical Engineering
Chiang Mai University

THAILAND

US-Thai Biomedical Engineering 
Symposium 2005

 
 

Applications of Computational in
Cardiovascular

Clot Trapping

LV SimulationArtherosclerosis Modeling TCPC Connection

Catheter Design
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Applications of Computational in 
Biomedical Related Area

Glucose/Blood Gas Sensor
Drug Delivery

Cell Division

 
 

• Numerical Study of TCPC Connection
• 1-D Numerical Modeling of Blood

Flow in Pulmonary Arteries
• 2-D Numerical Modeling of Oscillating

Flow within a Compliant Vessel

Example of Study Cases
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Congenital Heart Disease

• The congenital heart disease is the most common major
birth defect in live birth.

• CHD occurs in approximately 8 of 1000 live birth

 
 

Fontan Operation

Total Cavopulmonary Connection
(TCPC)

This connection bypasses both the 
right atrium and the right ventricle
from the circulation. The atrial
partition is used to divert the IVC
blood to the SVC.

SVC

IVC

PA
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Numerical Results @ SVC:IVC = 50%:50%
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Pressure Drop Across the Connection

Pressure drop across the connection 25/75
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1-D Modeling of flow in pulmonary arteries

(http://www.acsr.ac.th/webmasters/web_3/story3.html,
March 28, 2004)

(Wiener et al., 1966)

 
 

1-D Governing Equations
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1-D Governing Equations

Vessel deformation

pSS ��� 0

� � compliant coefficient

The velocity, pressure, and cross sectional area are solved 
numerically using the Mac Cormack method
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Pressure and Blood Flow Rate
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2-D Modeling

1. Look into the flow characteristics in more
detail

2. Study the relationship between pressure,
flow, deformation, and wall shear stress

3. Study the relationship between pressure
and velocity wave

 
 

Fluid Governing Equations
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Compliant Tube Modeling and Assumption

1. Tube has thin wall and uniform thickness and
initially straight

2. No stress in the lateral axis
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Coupling between Fluid Dynamics and 
Wall Motion

Solution u, v, p,
vessel

deformation

Solve Fluid
parameters,

u, v, p

Calculate the
vessel

deformation

Initial and
Boundary
Conditions

Update the
Numerical grid
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Wall 3

Outlet

Wall 1

Inlet

Wall 2

Numerical ModelingNumerical Modeling

Centerline

Interface 

- No Stress
- Free Displacement- No Displacement - No Displacement

- Free Displacement
- Implicit Pressurep = Pcos t� p = 0

Fluid :  Water

= 1000 kg/m3

= 1 x 10-3 kg/m.s

Incompressible

Newtonian Fluid
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Pressure and Velocity Comparison
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Pressure and Velocity Comparison
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Velocity Propagation
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Past, Present, and Future

Past: Fundamental understanding of flow in the
simple models has been studied

Present: Modeling of fluid-solid structured is 
currently available and compliant
affect is being investigated

Future: The knowledge in this field will be 
implemented clinically and provide us a
better health and treatment
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Biomedical Engineering Activities at Faculty of Engineering, Chiang Mai 
University, Thailand 

Lectured at 
Department of Biomedical Engineering, Columbia University, New York, USA 
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Biomedical Engineering Activities 
 in Faculty of Engineering, 
Chiang Mai University, Thailand 
 
By 
 
Dr. Nat VORAYOS 
Dr. Yottana KHUNATORN 
 
 
Abstract 
 

Established in 1964 as one of the very first universities outside the capital Bangkok, Chiang 
Mai University (CMU) has been Thailand’s oldest, largest, and most renowned institute of higher 
education.  A house of 17 Faculties including Faculty of Engineering and 3 Research Institutes 
(Sciences and Technology, Health Sciences, and Social Sciences) has offered 87 undergraduate-level 
programs and 140 graduate and doctorate programs to the nation.  Recently, there are significant 
interest from staff and researcher in Faculties of Engineering, Sciences, and Medicines to establish the 
biomedical engineering research group to more effectively collaborate with one another in terms of 
research activities and academic programs.  Additionally, we would like to extend our collaboration to 
our colleagues in the international level as well.   

The profiles of CMU will be introduced as the first part of the seminar.  Secondly, the numerical 
modeling of the pulsatile flow within a compliant vessel will be presented. One dimensional modeling of 
blood flow from the right ventricle to the arteries at both lung was developed. The behavior of cross 
sectional area changing, blood velocity distribution, blood pressure distribution and changing in blood 
flow rate, and other parameters that affect the changing in cross section area were studied. Next, the 
two dimensional modeling of the oscillatory flow within a straight compliant tube are being researched 
to observe the flow characteristic and affect of the compliant in detail. The fluid governing equations 
are coupled with the solid wall motion. The preliminary results of the velocity field according to the 
variation of the oscillatory pressure are demonstrated. Thirdly, the presentation of the activities in bio-
imaging researches will be presented in the video format. 

Lastly, the overview of other major activities in the biomedical engineering at the faculty of 
engineering, CMU will be presented. 
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1

Biomedical Engineering

Chiang Mai University

 
 

Research Activities
• Medical Imaging

• Bioinformatics

• Cell and Tissue Engineering

• Biomechanics

• Biomedical Instrumentation
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Biomechanic
• Assistive Devices

– Passive standing-wheelchair

• FEM Analysis of the Retainer

• Computational study in Cardiovascular Engineering
– Numerical of Blood Flow in the Pulmonary Circulation
– Pulsatile Flow in a Compliant Tube

 
 

Biomedical Instrumentation

• Surada Stereotactic Instrument
– neurosurgical operative device for directing the 

probe or radiation beam to a target in human brain
which is invisible from outside

	

���
����������
���������
	

��
�����������!"�#$��%���$&  104 
 



 
������� 

  

 

Biomedical Instrumentation
• Rapid Prototyping Technology for Dentistry

• Patient Monitoring System Using SNMP Protocol

• The Development of ECG Card Monitoring via

Computer Network, Mobile Telephone, and Pocket

PC

 
 

Numerical Modeling of Pulsatile
Flow in a Compliant Tube

Asst. Prof. Yottana Khunatorn

Mechanical Engineering
Chiang Mai University

THAILAND
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OverviewOverview

• Numerical Study of TCPC Connection
• 1-D Numerical Modeling of Blood Flow

in Pulmonary Arteries
• 2-D Numerical Modeling of Oscillating

Flow within a Compliant Vessel
(Preliminary Result)

 
 

Congenital Heart Disease

• The congenital heart disease is the most common major
birth defect in live birth.

• CHD occurs in approximately 8 of 1000 live birth

• Atrial Septal Defect (ASD)
A hole between left atrium and right atrium

• Ventricular Septal Defect (VSD)
A hole between left ventricle and right ventricle

• Tricuspid Atresia
Tricuspid valve didn't develop normally or absent.

Most Common Cardiac Defects
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Tricuspid Atresia

 
 

Treatment

• Blalock-Taussig Shunt  6 months – 1 year old
• Glenn Shunt or Bidectional Glenn Shunt (BDG)

< 2years old
• Fontan Operation  2-4 yrs old

– Atrio-Pulmonary Connection
– Total Cavopulmonary Connection
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Fontan Operation

Total Cavopulmonary Connection

This connection bypasses both the
right atrium and the right ventricle
from the circulation. The atrial
partition is used to divert the IVC
blood to the SVC.

SVC

IVC

PA

 
 

No Offset Model @ SVC:IVC = 50%:50%
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Offset Model @ SVC:IVC = 50%:50%
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Pressure drop across the connection 50/50
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Pressure Drop Across the Connection

Pressure drop across the connection 25/75
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Previous Study Summary & Conclusion

Simplified TCPC model presented

• “Optimal” connection is at no offset connection for 
equal flow rate ratio and 1-diameter offset distance
for unequal flow rate ratio.

• Overall pressure drop indicative of energy loss and
thus “efficiency” of model
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Compliant Tube ModelingCompliant Tube Modeling

• Numerical Analysis of Fluid Dynamic in a flexible Tube 
• 1-D modeling provides a rough perspective on the

relationship between tube deformation and pressure and 
velocity magnitude

• 2-D modeling gives us a detail of velocity and pressure
distribution throughout the flow field

 
 

11--D ModelingD Modeling

(http://www.acsr.ac.th/webmasters/web_3/story3.html,
March 28, 2004)

(Wiener et al., 1966)
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11--D Governing EquationsD Governing Equations

Conservation of Mass

� � 0�
�

�
�

�
�

x
uS

t
S

Momentum Equation

S � Cross sectional area

0
2

2

��		



�
��



�
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�
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�
�
� Fpu

xt
u

� oi ppp �� Transmural pressure

u
S
NF

�
��8�� Friction Factor

 
 

11--D Governing EquationsD Governing Equations

Vessel deformation

pSS ��� 0

� � compliant coefficient

The velocity, pressure, and cross sectional area are solved 
numerically using the Mac Cormack method
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11--D Boundary ConditionsD Boundary Conditions
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Extracted Boundary ConditionsExtracted Boundary Conditions

 
 

Pressure and Blood Flow RatePressure and Blood Flow Rate
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CrossCross--Sectional AreaSectional Area

 
 

11--D ConclusionD Conclusion

• The overview of the relationship between tube deformation
and pressure and flow rate was observed with reasonable
accuracy

• 1-D modeling results agree with the clinical data with minor
differences, which caused  by

� Simplification of the tube deformation model
� Accuracy of the boundary conditions extraction from the

clinical data
� Improve this model to present the affect of any anomaly occurs

downstream

	

���
����������
���������
	

��
�����������!"�#$��%���$&  115 
 



 
������� 

  

 

22--D Modeling (Preliminary phase)D Modeling (Preliminary phase)

1. Look into the flow characteristics in more 
detail

2. Study the relationship between pressure, flow,
deformation, and wall shear stress

3. Study the relationship between pressure and
velocity wave 

 
 

Fluid Governing EquationsFluid Governing Equations
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221 or
Ehp �
��

�

Compliant Tube ModelingCompliant Tube Modeling

1. No displacement in the axial direction
2. No stress in the lateral axis

 
 

Coupling between Fluid Dynamics and Coupling between Fluid Dynamics and
Wall MotionWall Motion

1. Fluid parameters, u, v, p, are solved
2. The deformation of the vessel is 

calculated
3. Numerical grid is updated according to 

the deformation
4. Repeat the calculation
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Wall 3

Outlet

Wall 1

Inlet
Centerline

Interface 
Wall 2

Numerical ModelingNumerical Modeling

 
 

Steady Flow within Compliant Tube ModelingSteady Flow within Compliant Tube Modeling

1-D Laminar Steady Flow in a Compliant Tube (Fung, Y.C., 1996)
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Radial Stress in very small compared with the circumferential stress
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Model ValidationModel Validation

Pressure drop and deformation comparison between
numerical model and analytical model (Fung, Y.C., 1996)

 
 

PulsatilePulsatile Flow in Compliant TubeFlow in Compliant Tube
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PulsatilePulsatile Flow in Compliant TubeFlow in Compliant Tube

 
 

Preliminaries ConclusionPreliminaries Conclusion

• The velocity variation is observed close to the wall
and may affect the wall shear stress

• The detail parametric analysis is on progress
• The wall motion will be included into the TCPC

modeling to simulate more reality phenomena of the
blood flow
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