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 ������ �	
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��	� �����(Artificial compressibility) ��	� 
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 () *�(�� 	
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�2
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���� . ������ �	
�� 
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 �
�� >��$ &� �
�	38< (��� ���� � &,)�(� �
��� ������9 	� �	�I��
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4 ��< ><�?) ������

(���! . ��) RS,T� �4���(9 *�� 4� �
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difference splitting)  &� ������ �	
�� 
��	� ��!�"� ��	� ��

(�� F!	� ��� .Rogers 6���18< � ]V[ /Liu 6���18< � ]W[ /

Kallinderis��18< �  6�]X [�Yuan ] Y[ ���?��J� L	B /
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�� 
��	� &?��J� �
�

(�)�� �� ������ �	
�� 
��	� 	,����� 4� �"���� ���8� F() . ��
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 ���� ���(��Chorin 	
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Drikakis 
��	� ��!�"� ��< &�H^� �("� 0
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2$ (�!�! ��	E F!��,�� !
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	9 �("� 0
 ����� 4� F!��,�� � (��
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L	B ���;	:� !�9�� ���?��J� ��< F!	� &1?) &� &,M��� lS��� �

 ��< �3,������  �� &1?) &� ����4 /m�E! n
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�� 
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&�H^� S��� �("��! ���?��J� L	B 0
 /F() q�	H,�� ��
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� �� &�H^� ����� q�	H,�� ��	� &�H^� &
�� 0
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 &�!�"� �� �;	:0),,( =tyxf!�) �� &,:	N 	%� �!  . ��

 � �gO9 ��U,^� ��� @�?��� ��%�� &� /�1���8��� ����� 4� F!��,��

 	%� !��� &
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 � (�,M< �gO9 ��U,^� &� @��	� �< +
���� /��� ����� �!ψ &� 

!�) �� D
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∂
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∂
∂=ψ  

 ��!�"� F�3,�! ���N4�� @	))- ( 6����	�! 6!�! ��	E 	�G ��

 &i��� �! _
�	;)K ((
Z �� >�! &� 	
4 ���G &�:  

)V(  ( ) tyx fff /,0 22 +== βψψ  

 ����N!�8� 4� /	7
�� 	
�� 
��	� ��!�"� �� &��^�)1,,(ˆ vuV = 

 �4�2� >�	� ��!	� ��	�(pseudo-velocity vector) �� F!��,�� 

 ���G &� &�H^� ri� 	� !�8� ��!	� � !�)

),sin,(cosˆ tnn ϕϕ= !�) �� &,:	N 	%� �! ]KW .[ �,)�� ��

 ��!�"�)V ( ��<��!	� _M$	�nV ˆ,ˆ ��< &
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 #G�$ n
�,� � (�� &,:	N ��	E F!��,�� !��� A�� &?�	� >E! �� 5��

 R�	"� n
�,� �� &M
�U� �! ���Z 4�Ghia et al. [27] �: ����!� �! &� 

 !��(��,�� #$ 6���� &�(Benchmark solution)  #T�! 6�
	9 ��	�

>�� F() F!�! 6�^� />�� F() &,T��) F	�$ . #1) �! &���i��8<

 ��<)V ( �)W ( L	B 4� F!��,�� �� F(�Z >�! &� n
�,� !�) �� F(
!

 ���?��J�MCB ���	� 5�� 4� 	,U�E! _��	� &� A�� &?�	� CB �� 

 6�M1
 &1?) ��� �! A�� &?�	� >E!4040×()�� �� .  

  

 ���?. @A�� �!68� 
��	 BC�D @�� �	 ���=9 �E���� u �� 

 
�� 1�2 (� B��!=�� �	 B�!F 5��� (� ��GH 
�8+A >I 
$�

CB $ MCB �� J$� �%0�� @&� �	 Re=1000 ��%� $ 

4040×.  

 

 
 ���K. @A�� �!68� 
��	 BC�D @�� �	 ���=9 �E���� v �� 

� >I 
$�1�2 (� B��!=�� �	 B�!F 5��� (� ��GH ��L 
��CB 

 $MCB �� J$� �%0�� @&� �	 Re=1000 ��%� $ 4040×.  
  

 ��< L	B ��	� &��^� n
�,�MCB � CB n
�,� F�	8< &� ��! &?�	� 

 >9O� 6!	� &:�;� �� �O�	� �	�N ��3���� 5�� 4� #G�$

 ��< #1) �! ������)X ( ��)` (g���>�� F() & .  
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 ���M. @A�� �!68� 
��	 BC�D @�� �	 ���=9 �E����u �� 

 
�� 1�2 (� B��!=�� �	 B�!F 5��� (� ��GH 
�8+A >I 
$�

CB $ MCB 
5��� 
�-H ,-<9�-� 1�2 $ N$� �%0�� @&� �	 

 ��Re=1000 ��%� $ 4040×.  

  

  

 ���O.8� 
��	 BC�D @�� �	 ���=9 �E����  @A�� �!6v �� 

 
�� 1�2 (� B��!=�� �	 B�!F 5��� (� ��GH ��L� >I 
$�CB 

 $MCB �� 
5��� 
�-H ,-<9�-� 1�2 $ N$� �%0�� @&� �	 

Re=1000 ��%� $ 4040×. 

  

 ���P. �!68� ���8+9 ��-+� $ ��-Q-	 BC� R�5	 
�+9 

 @A��v� �	 B�!F 5��� (� ��GH ��L� >I 
$� ��  (� B��!=�

 
�� 1�2CB $ MCB ,-<9�-� 1�2 $ N$� �%0�� @&� �	 

 �� 
5��� 
�-HRe=1000 ��%� $ 4040×.  

  

�#�:�	� &��8� � &��^�� F() |�O� ��8 ��<u � v ��%�� &� O�� 

>�� F() F!�! 6�^� 	,U�E! &M
�U� .#1) �! &���i��8< ��<)X (

 ��)` (�� F(
!�� L	B /!�) &
��	� �("��! >�!��� �!���^

 �< &�H^�(MCB) �! !�T ��! &?�	� #1) �! �� �	,U�E! n
�,� 

 ���	� L	B �� &M
�U�CB�� &g��� ��! &?�	� (<! . _��9 &,1�

 5�� 4� #G�$ n
�,� &M
�U� &9��MCB L	B �� ��! &?�	� 

��3����()�� �� �O�	� �	�N .  

) !��� �! �O�	� 5�� &� �
� !�9� �� &?�	� S��� >E! 	;�$ &1?

 (<! �� &g��� �� ��!)&1?) 6!�� �
O���� #��! &�( 4� #G�$ n
�,� /

 L	BMCB 6�M1
 &1?) �! �O�	� 5�� n
�,� 4� ��! &?�	� 

>�� 	,U�E! .  

 &� n
�,� /�
�� >��$ &� �!���^�� L	B �
�	38< >�	� !��� �!

 5�� &� >�� 6Z 	3��^� F(�Z >�!MCB)�� 4� 	,"
	�  ���

 ���	�CB�� �	38< �
�� �
��� ������9 &� �O�	� � !�) .  

L	B �
�	38< p	� 6!�� (�� &� &9�� �� ���	� ��<CB �! S?E &� 

 (���� D7,H� a9�	�]KQ �Q- �QK [  p	� />�� F() F��)� 6Z &�

 L	B 	�38^P >
O� /�!���^�� 5�� a
	� ���M� �
�	38<MCB 
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&�H^� &
��	� 5�� &� >?M� �� �� 6�^� �("� 0
 ���	� ��<

(<! .  

L	B �
�	38< p	� /�O�	� ��<CB � MCB !�(�� F!�(J� �! 

 4(���
�-cc �� -c/ccc ���8� �! &� >�� F() &M
�U� 	3
(1
 �� 

 �!���^�� L	B !����MCB � �O�	� ��< L	B 4� ��! &?�	� CB 

�� 6�^� !�T 4� �� �	,"
	� �
�	38< ��! &?�	�(<! .&��8� �� 4�

 #1) �! zJ� !��� ���?��J� L	B &� �
�	38< &\H
���)b (

 ��	�Re=1000>�� F() F!�! 6�^�  .  
  

  

 ���S. 
�T�$� ����<+� �U/���0 �E���� MCB VCB $ 


5���  

  

>�� F() D
	"� 	
4 ���G &� �iT ����:  

)Kc(  ( ) JMIMpp
IM

i

JM

j

n
ji

n
ji ×−= ∑∑

= =

+

1 1

2 

,
1

,ENORM  

  

 6Z �! &�IM � JM ��< >�9 �! �< A�7� !�("� x  �y(�,M<  .  

 5�� 4� F!��,�� ��MCB !(� &��^�� CFL !��� �! 4�2� 

Re=1000 &1?) � 4040× �� 	��	� b/- �! &1���$ �! >�� 

L	B ��	� &��^� �
�	) � �O�	� ��<CB �� 	��	� _��	� &� Y/- � 

b/c�� ()�� . �! />�� F() 	�f �: ����!� �! &���i��8< F~
� &�


��4Zw L	B (�� �
�	38< p	� O�� F() ��2�� �!(� ��<CB 

�� F(<�^� ��<�iT *�82� ��9 w<�� ��	� &� ���B &� !�)

 t/ ∂∂ p ��(U� &� 3101 −× L	B 4� F!��,�� �� CB ��! &?�	� 

 &� 4���--bXWL	B ��	� &1���$ �! >�� ��	1� !�("�  � �O�	� ��<

MCB�
�  �� 	��	� _��	� &� !�("� WbQ` � V`Qc�� ()�� .  

 #1) �!)-c ( &��!	N 6�
	9 @�iT ��	� F(�Z >�! &� n
�,�

 �! F	�$ {P >8� ��
�� &)�NRe=1000 &1?) � 4040× �� 

L	B 4� F!��,�� ��<CB � MCB n
�,� �� &M
�U� �! ��! &?�	� 

Erturk et al. [33]() F!�! 6�^� >�� F .  

  

  

  

  

 ���WX. B�!F YZ @+� ,-��[ ��8H �	���H '���
 \8�I 

 ��Re=1000 ��%� $ 4040× V(A Erturk et al. [33]V 

(B 1�2CB VN$� �%0�� (C 1�2 MCBN$� �%0��  .   

 

  
 ���WW. �� ��89�: $ �-6$� 
�� �	���H '���
 \8�I Re=100, 

400 .  
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 ���W�.���
 \8�I  �� ��89�: $ �-6$� 
�� �	���H '

Re=1000, 3200 . 

#1) �! &���i��8<�� F(
! O�� �< 5�� 4� #G�$ n
�,� /!�)

MCB n
�,� 4� 	,U�E! ���M� CB #��E	�y ������9 !��� �
� �! &� /

()�� �� />�� F!	� &g��� >�"E�� 4� ��! ���M� � A�?E .  

#1) ��<)-- ( ��)-W (� F(�Z >�! &� n
�,� a��� ��<��,��� ��	

 &1?) �! 6�
	9256256× !�(�� 4� �"��� F!�(J� ��	� �� 

(<! �� 6�^� ��� 4(���
� !�(�� ���\8< � 4(���
�.  

 

  

 
� ��W7. �� �� �	���H BC� R�5	 
�+9 $ ��89�: $ �-6$� 
�� �	���H '���
 \8�I Re=5000.  

 

  
 ���W?.�� �	���H '���
 \8�I  �� �� �	���H BC� R�5	 
�+9 $ ��89�: $ �-6$� 
Re=7500 .  

 

 
 ���WK. �� �� �	���H BC� R�5	 
�+9 $ ��89�: $ �-6$� 
�� �	���H '���
 \8�I Re=10,000.  

  

  

 6�^� ��� 4(���
� !�(�� �! O�� &
���I ��< &��!	N F() |�O� ��8�

>�� F() F!�! .��J�� wT	P 
< � ��^: 
< ��<(vorticity 

contour)#1) �!  ��<)-X ( �)-Y ( 4(���
� !�(�� ��	�-ccc � 

Wccc 5�� 4� F!��,�� �� MCB &g��� n
�,� �� &M
�U� �! ��! &?�	� 

  ���� F()Bruneau and Saad [34]>�� F() F!�! 6�^�  .  
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 ���WM.�����  
��	 ]I�Z ^� $ ��QL ^� 
��Re=1000 V(A,C Bruneau and Saad [34] V(B,D _$� MCBN$� �%0��  .  

  

  

 ���WO.�����  
��	 ]I�Z ^� $ ��QL ^� 
��Re=5000 V(A,C Bruneau and Saad [34] V(B,D _$� MCBN$� �%0��  . 
  

 (
(9 ���?��J� L	B 6!	� ��� &� ��MCB >�"E�� o��� 	� &� 

 ���f >�!��� 5�� 4� � F() F!��� ��� A��� �("��! �1
O�:

 �< A�7� 4	� �! �
�2��9 ��) ��<��!	� &?��J� ��	� �("��!

 &� 4��� � F!�� ��(
�� ���M� #G�$ �!(� 5�� /(�� �� F!��,��

 #$ �,T�� ��(
�� ��%�� &� ������ >9O� &��N ��< 6!�O:�   

()�� �8� .#1) ��<)-` ( �)-b ( 4� F!��,�� �� F(�Z >�! &� n
�,�

 L	BMCB >�	� &���� ��	� u O�	� 4� ���N �!�8� �T ��� �! 

 &���� � F	�$v &1?) �! �� F	�$ O�	� 4� ���N �U:� �T ��� 

256256 ×(�<! �� 6�^�  .�� F(
! &���i��8< &� n
�,� /!�)

 a9	� n
�,� �� ���T m:��� �!���^�� 5�� �� F(�Z >�!Ghia et 

al. [27]!��!  .  

  

  

 
 ���WP.�  @A�� �!68� 
��	 BC� �%���� ������ �E���u �
�� ���=9 �	 B�!F 5��� (� ��GH 
�8+A >I 
$� �� Ghia et al. [27] 

`a=/� (C68��� ��CA� �� .  

Re=100 Re=1000 Re=3200 

Re=5000 
Re=7500 Re=10,000 
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 ���WS. @A�� �!68� 
��	 BC� �%���� ������ �E���� v �
�� ���=9 �	 B�!F 5��� (� ��GH ��L� >I 
$� �� Ghia et al. [27] �� 

`a=/� (C68��� ��CA�.  

  

  

 ����X. �� B�!F ��C�� 5��� (� ��GH 
�8+A $ ��L� \8�I 
$� �� ]I�Z 
��	 BC�D @�� �	 ���=9 Re=1000 (� B��!=�� �	 

 1�2MCB �	 �E���� �� N$� �%0�� Botella & Peyret [35] .  

  

Botella & Peyret [35]wT	P 	
!�U� ��	� ��� >E! �� n
�,�  �! 

 �� �� F	�$ ��(�< O�	� 4� ���N �!�8� � �U:� @�iT ���

 ���B 5�� 4� F!��,��Chebyshev 4(���
� !(� ��	� -ccc &g��� 

(�� F!�! . 5�� 4� #G�$ n
�,� � ���Z n
�,�MCB �! ��! &?�	� 

 #1))Kc(�� &%$S� &���i��8< � >�� F() F!�! 6�^�  !�)

>�� ���� n
�,� ����H8<.   

  

� .���� ���	
 
 &
��	� �("��! S��� >�!��� (
(9 5�� 0
 &��U� �
� �!

&�H^�>�� F() &g��� qO� 	
���� 
��	� �����
	9 #�7J� ��	� �< .

 
��	� 5�� 4� F!��,�� �� 	
���� 
��	� 6�
	9 	� 
��$ ��!�"�

 ���Z �("��! ��< &�H^� ��,T�� � F() r�J�� ������ �	
��

�� �� ��� ����� ��	� &,:	N ��	E #�7J� !��� �;�
� 5�� 4� F!��,

>�� . �("��! ��< &�H^� ��	� F(�Z >�! &� ����� 4� F!��,�� ��

 ��� &� �("��! S��� >�!��� L	B 0
 /��!�"�MCB F() &g��� 

 
��	� A��� ��J� �! �4�2� q���� ��^,�� F(
(� o��� 	� &�

()�� �� 	
���� .� &,MMN #1) �! �!���^�� 5�� 
2$ �4�

 ��	E F!��,�� !��� �
�2��9 ��) ��<��!	� &?��J� ��	� !�(J�

>�� &,:	N . ���?��J� L	B 4� F!��,�� ��MCB &���	� 0
 

 
��	� 6�
	9 #�7J� ��	� r
	G !�(J� 
2$ 5�� �� �	�������

Re=100 Re=1000 Re=3200 

Re=5000 Re=7500 Re=10,000 
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>�� F() &,)�� D7,H� 4(���
� !�(�� �! F	�$ #T�! �
�� 	
���� .

7J� 4� F(�Z >�! &� n
�,� 	
4 ���G &� F() ��2�� �!(� ��< #�

>��:  

-'  (
(9 5��MCB ���	� L	B &� >?M� �� �	,U�E! n
�,� 

CB 6�M1
 &1?) �! ��! &?�	� � A�� &?�	� #1) �! 	< �! 

�� &g���(<! . 

K'  L	B 4� F!��,�� �� F(�Z >�! &� n
�,�MCB ��! &?�	� 

 �O�	� �	�N ��3���� L	B n
�,� 4� �,$) #��! &� &�

���� �� ��! &?�	� S��� >E! !��� �
� �! &1?) 6!�� �
O   

��(<! (>�� 	,U�E! 6�M1
 &1?) ��� 	� O�� . 

Q' &�H^� ����� 4� F!��,�� #��! &� >U��i� � �("�(�P ��<

 L	B 4� F!��,�� /A��� �1
O�: >�"E�� ��MCB �!(� 5�� 

�� &g��� �� ���(
�� S����N ��< 6!	� &:�;� &� �4��� � (<! &�

�8� #$ �,T�� ��(
�� ��%�� &� ������ >9O�()�� . 

V'  5�� 	�38^P >
O�MCB  ���	� 5�� &� >?M�CB /

>�� 6Z a
	� ���M� �
�	38< p	� . p	� &� >�� ���$ �! �
�

 ���	� L	B (�� �
�	38<CB 	�f �: ����!� �! ��":! &� 

>�� F() . 

W'  5�� 4� F(�Z >�! &� n
�,�MCB !���� ���8� �! 

���9F!�! �� &M
�U� �! &� (<! �� &g��� �� ���?E #��E ��� ��<

>����! �� ���T ���M� m��i� �: ����!� �! !�9�� a9	� . 
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