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Abstract  

In this paper the Lattice Boltzmann Method based on Brinkman-Forchheimer equation is applied to simulate flow past a square 
cylinder covered by a porous layer. The porous media effect is incorporated as a force term in the lattice Boltzmann equation. The 
method is tested against fully porous Poiseuille, Couette and lid-driven cavity flows. Upon comparing the results with the analytical 
and numerical data available in the literature, a satisfactory agreement is observed. Then, a detailed investigation on the flow past a 
porous covering square cylinder is presented. The Reynolds number ranges from 20 to 250 and Darcy number from 10-2 to 10-6 .The 
numerical results shows that selecting appropriate porous parameters can postpone vortex shedding and reduce Strouhal number and 
drag coefficient. Results show that the drag coefficient and Strouhal number are smaller for large Darcy number and small porous 
layer thickness. For low Reynolds number (�� < ��) there is not any vortex shedding, so inserting the porous layer have little effect 
on drag coefficient. As Reynolds increases, porous layer delay vortex shedding and the effect of porous layer on reducing drag 
coefficient will be obvious. It was found that for a constant Darcy number and porous layer thickness, the effect of porosity in flow 
parameters such as drag is negligible. 
Keywords: Lattice Boltzmann Method, Porous Media, Brinkmann-Forchheimer Model, Drag Coefficient, Flow over Square 
Obstacle. 
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 �1/36   �	5i � 5~8 ��
J	# � ���(B .�$�5  <5��� 7� 8��	� �5 	ρ � ∑ ��P�QR   �IJ� � ∑ �����/SP�QR �� ��#�-����$ �6��a0/ .

 �A5�� 7� ��"C	T � S9U$ 
@9� �  �A5�� 7� �����0��#	ν � ∆t*τ � 0.5,cY$ �� ��#�-�  �� ���$	cY � c/√32 
J	# I� ��
 ���$��  I��2 �4L	� �� �� 6�9
��5 ���$ ����1� EL .�$�5

�� :�	�%  

                                                           
1 Brinkmann-Forchheimer 
2 Single Relaxation Time 

1- *�$  ��@ �4L	�٣ 7� �	% 	/ �� ���@ =�7�� =5��� *� �� �� :
�2 �5 ���!� �	%�� ��#�-� 	�7 I� :��$ 

)4(  ��*Z� � ���[
, 
 � [
, � �\]*Z�, 
, 
2- ���D	5 �4L	�4�� q� 	(���� �5 I��y ���D	5 �4L	� 6�� �� : .�/� 

)5(  �	\]*Z� � ���[
, 
 � [
, � ��*Z�, 
,� �1� -��*Z�, 
, � ����*Z�, 
,8 
2 -1- =@%� +�5%�  

���$ �� l�% 6���� *�	� TF"� 6�9
��5 ���$ :��  7�#
�	% �� =�7�� =5��� *�	� l�41� �  7	� e	$��  7	�  �/ �� .�$�5

 E�$ �� ��$ ���� *�"� �#��/1 ������ ��  7	� <��	$ �  �/
��  �@�	D �  ����  �/7	� � 6��# .��  �	5 .���$ �C	1� 
���5

������ *�	� l�J e	$ �� 6��#  �/ 
"%7�5 *���` 7� :9b� l�J
���� �5 �� ���3
#�*� �� �� ��$  =�7�� =5��� 7� �.�&!� =�7�� =5���

�� �&�� 
&@ >ND �� �� ���41� ���� �� 
#�5 ���$�5]17[ �5 .
 E�$ �� ������ ������ ����� �	C �5 .��� *���J1 =5��� ��$�5 6��# �

 .�&!� =�7���$ � �= � �̂ �� ��#�-� 	�7 I��2 �5 .���$ 

)6(  �==�_  ,  �$=�>	  ,  �̂ =�P 
 

  
)�� 1 - �A�1�� � �	�56 �6 $��%� =@%� +�5%�  

  
 E�$ �� �B 7	�) 9��  ����  7	� e	$  �	51 �5 l�#�� �$�� 7� (

 �/ � �7]29[ �� ���3
#�:��$ 

 

 

)7(  

S` � 11 � I` -�R � �$ � �> � 2*�a � �̂ � �_,8 
�3 � �a � 23S`I` 

�= � �_ � 12 *�$ � �>, � 16S`I` � 12S`�` 

�P � �̂ � 12 *�$ � �>, � 16S`I`	 � 12S`�` 
 *� �� �� I` � �` �3��� 8��	� �5 �� � ���� 7	� �� 
J	#  �/

� *� 	5 ��0J � *��	@  �
#��S`	    ���� 7	� �� .��# ���(B
��  .�$�5	��#��/   �	5 9��i � 0,2,3,4,6,7  �5 � �5����	5 +�	? 7�

�� ��#�-� 	�7 I��2 :���$ 

)8(  ��*1, b, � 1.5��*2, b, � 0.5��*3, b,				 	
.
#� ��#�-� E5�` �5�"� I��2 �5 9�� �@�	D  7	� e	$  

�� ���3
#� l�&3� 6�� 7� �5����  7	� e	$  �	5 �� I��y �� ��$
 �5 .��
�/  ���� 7	� �� I��y {��D *�0/  ���� �@�	D 7	�

                                                           
3 Streaming  
4 Collision 
5 Bounce Back 
  



   

 

.	

�

�
 

*�
�	@

 
.�

�#
 �5 

<
�-

�
 

EF
4F


�
 ...

 

170 

�5 �@�	D �  ����  7	� <��	$ �� ��$ �	C 	%� .��� *���J 
 ���
�/ �5���� I��2��(��  
&@ �# ��  =�7�� =5���  ���� 7	� ��

1 �5  �8  
&@ �� =�7�� =5��� �@�	D 7	� �� �  �/3 �6  �7 
�� .�&!� �� 6��1� 	�7 I��2 �5 ��  ���$�5:���$  

)9(  �3� cd
=�3efgh�g  ,  �=�ih�g=�=efgh�g	 ,  �P�ih�g=�PjI
cd
 
)10(  �aefgh�g  =�a�ih�g  ,  �̂efgh�g=�̂ � cd
	  ,  �_efgh�g=�_�ih�g 

�$�% ��  7	� e	$ �#�	5  �	5 E�$ �/2 ���	�(5 	i� �� ��  wA#
 )��D  �KC 	(���5 ����D ��$�/�� ����#�-� ����� 7� =5��� .�$�5

  l�41� =�7���a  ��> � �_  �� ��#�-� ����� ED�� 7� �� �5 ���$
*�"� �
0� e�AD��$ ���� <D �5 .�&!� =�7�� =5��� 	(�� � ���

����	% TF"� 6�B .��� =�7�� =5��� *�$  ��@ �4L	� 7� �15�a  � �>  ��_   6��a0/ � e	$ �5 �@�� �5 �C	? 7� ���
�/ l�41� ���(B
 �$�% �� :9b� l�J  7	�IJ� � 0 �� �$��]29[.  

  

  
)�� 2- ��0B �6 =@%� C%�  

  
�� 6��1� 	�7 I��2 �5 .�&!� =�7�� =5��� 6��	5��5 :���$  

)11(  
�3 � �a �$ � �> �= � �_ �̂ � �P � 0.5*S � *�3 � �$ � �a � �> � �= � �_, 

  

2 -2- .��	�%, &�� -%�
;�0D  
 .�� '0� �5 EF4F
� <�-� *��� *��	@ 	U�L �1��A� ��

60���	5- 	0�B��C١ 8��	� ���$ 6�9
��5 ���$ :�� �5 ��$  7�#
��.��$  	(�� I���J �5  �	�� ��KL �� 6�9
��5 ���$ ����1�

 ��5 �/��D 	�7 I��2 �5 �@��D]24[: 

)12(  �	\]*Z� � ���[
, 
 � [
, � 1� -��*Z�, 
, � ����*Z�, 
,8 � ∆t	k�� 
 �	�� ���	5 k��  ) ����1� ��12*�"� (�0!L  �/�	�� E� ���/� 

 ��#�-� 	�7 �A5�� 7� ���3
#� �5 *� ���,� � 
#� �@��D
��  ��$]24[: 

)13(  k�� � H�ρ l1 � 12�m -3��� ∙ nJ�9$ � 9o*IJ� ∙ ���,�nJ� ∙ ����p	9>
� 3IJ� ∙ nJ�	9$ 8 

 �*� �� ��IJ� �*��	@ 
J	#	    � <�-� EF4F� 8�	UnJ�   �	��
 �@��D  �/�	�� 	��# � EF4F
� <�-� ��KL E��� �5 �@��D

�� F4F� 8�	U �� 
#� 	�y �5 l7V .�$�5*�"� �E 
��� ���/�
�� EF4F
� <�-� '� �� E� _!L �5 ���D  �KC _!L .�$�5

                                                           
1 Brinkman-Forchheimer 

 �@��D  �	��nJ� *�%�� ����1� <#��2 ]30[  ��#�-� 	�7 I��2 �5
��:��$ 

)14(  nJ� � �	qr IJ� � 	ks√r |IJ�|IJ� � 	u� 
 �d�C �A5�� ��ks � 1.75/√150	a �#��/ =5�� � u�  �5 ^�
$

�� �@��D  �	�� E��� .��$�5 I��2 �5 9�� <�-�  	�x�y�3� 	r � vw ∙ x$  �� p�	1�*� �� �� ��$ H   � *��	@ �jF"� .�? vw �15 *��5  ��J �� �#���*�"� �� �$�5  '� ������� ���/�
y�3� .
#� EF4F
� <�-� 7� ���J �� .��# l�#	� ��? �5 9��  	�x� 

 
5�G 
�2�D '��� p�	1� ���� xC��� �7���� � E�$ 7� �15�� �� ��$
 .
#� <�-���
3%   �	�� ���	5 �� 
#�nJ�   �A5�� +5�A�9�� ��D

)14) 
@9�  �	�� :
#� QF5 �# E��$  (I���J �(.��   �	��
	���  �/�	�� � (l�� I���J) EF4F
� <�-� ��KL E��� �5 �#

I���J) �@��D .(l�#  
�
3% ����� �5 �@�� �5  ���$ ����1� =�7�� =5�� �5 ��#�-� 	�7 I��2

�� w�-j�:��$  
)15(  ���� � H�S-1 � 32 *��� ∙ IJ�, � 92	 *��� ∙ IJ�,$ � 32	 |IJ�|$8 

 ��IJ� ) �A5�� 7� � ���5 ����#�	��� 
J	#16 ��#�-� (
��  ��	%]24[: 

)16(  IJ� � y�9R � z9R$ � 93|��| 
*� �� ��: 

)17(  9R � 0.5-1 � 		∆
	q/2r8 
)18(  93 � 0.5			∆
ks/√r	 
)19(  y� � 1S{����

�� � ∆
2 u�	 
  

3 - E��'�  
�!�#���
J� ��i�� �5 ��
5� ��3  *��	@ �# ����3
#� ���� :��

MN��� �-32  7��� EF4F
� �4
O�� �5 z	-
� :���� �5 �	3L �6 
���$  ��@�� �4�4-� �  ��J P��
� �5 E2�L P��
� � ��$  7�#

�� �5��7��  �15	� =��� >�	?� �� *��	@ .	
�� �#�	5 �5 WX# .��	%
.�$ �/��D �
D��	� EF4F
� <�-� ��V '� <#�� ��$ ���$��  

  

3 -1- � !" =@50� $��%�FG��( =5 )*�*'�  
��� �-32 �� 6�5 *��	@�-32  7��� *��	@ �� 6��#  7 ��  �

�� .���� *��� *��	@���$  �	5 .����% .���� *��� *��	@  7�#
MN���  .���� .�? �EF4F
�  |�  *� �	J	x  ����@ 
��� � }~ � 8	���$ _��	� .
#� ��$ �
C	% 	i� �� I��2 �5  ��5 ND � N� � 640 � 80  EF4F� 8�	U �	ε � 0.1 �� ��J .�$�5

 I��2 �5 9�� 7�������d � �R ∙ x/q  �� 
#� ��$ p�	1� x	 
�  .���� �	J�R    � .����  ���� �� 
J	# _0�9���q  
@9�

�� .��# �����0��#.��$�5  

                                                           
2 Ergun 
3 Validation 
4 Fully Porous Poiseuille Flow 
5 Fully Porous Couette Flow 
6 Fully Porous Lid Driven Cavity Flow 



 

 

�
4J

 
��

��	
�

� 
���

��
 

���
��

��
  �

�L
�

 
�

��f
	U

   
   

   
   

 
 

171 

  E�$ ��2 :�� 7� E2�L P��
� �5 *��	@ �,C� 
J	# E�C�	� �
 =@	� �� ���-� >N
D�]24[ 7������ ��J  �	5 1/0 #��� ���J� � �

��$ ����,� p4
F�  ����  ��J :��  V�5 
`� 	(���5 �� 
#�
�� ���3
#� �� ��/�"� �� ��A��0/ .�$�5 ��#��� ��J Q��9C� �5 ��$

y�3�   	�x�k  �0&# �5 
J	# E�C�	� E�$ � �
C�� Q��9C� 9��
'��9��� 	�  E�$ �� .��$3 *��	@  �	5 �,C� 
J	# E�C�	� 9�� �

�-32  7��� �#��� ��J  �	5 EF4F
�  �vw � 10�5    ���J� �
 7������10  �50 �15 �5  �	5 �!��� ��  .
#� ��$ _#�  
J	#  7�#

 7����  �� ��#�-� 	�7 I��2 �5 �� :
#� ��$ ���3
#� ���$]24[: 

)20(  ��� � u�r� -1 � *cosh	*�x2 ,,238 
*� �� ��� � zq	/rq�     �u� � 2SqIR/|$ �� .��$�5ν"  9��
	G�� 
@9�1   �����0��# 
@9� �5 	5�	5 �	U�L Q/�R� �� �� ���5q 

�� �
C	% 	i� ��.��$  
  

 
 )��2- � !" =@50� $��%� =5%, �>D5 H4%� )
D3%� �I��>� =5

�6 )*�*'�  �� � �. �  3	�� � ��2�, ��2�, ��2�  )"�8 E��'� �,

 63� � JG'K5 23� @5]24[  

 
 

  
)��3= � !" =@50� $��%� =5%, �>D5 H4%� )
D3%�  )*�*'� =5

 =5%,�� � ��2�  3�� � ��, ��  3  JG'K5 23� E��'�

 63� �]24[ 

 

                                                           
1 Effective Viscosity 

3 -2- FG��( HM0( $��%� )*�*'�  
'� �.��# ��7� wA#  �� �*� �� �� 
#� ����	@ 
O�� *��	@ 

�-32  
J	# �5 z	-
� ���@  �R	  e	$ �5 �@�� �5 �� ���� ��	`
 	5�	5 �
J	# �5 � �����B �-32 *� �5 .��# I��y �:9b� l�J  7	�

�� �� 
�	L �5 *� 
J	# �5.����  
 	U�L �1��A� ��  *��	@ �@�	D �  ���� 	5 �5����  7	� e	$

I��2 �5 9�� 7������ ��J � ��$ .�0J� �d � �R ∙ x/q   p�	1�
��$   �� 
#�x  �� �-32 �� 6�5 �42�C�$�5. ���$ P��
�  7�#

  �	5 �#	��� l	� 6
C	% 	i� �� *��5 ε � 0.1�Re � 10 �  
 	Da � 	102$, 102a, 102=  E�$ ��4  �� .
#� ��$ ���� *�"�

 �/��D 	�7 I��2 �5 ���� 
��L �� *��	@ �4�4-� EL 
��L 6��
��5]24[:  

)21(  I � IR exp �r 1�x � 15� sinh 1� ∙ �~5sinh*�, 					,			� � �R		
 *� �� ���  �	� �� p�	1� 	�7 I��2 �5:���$ 

)22(  � � �d2	q/q� 		, � � 12	q/q� 	��d$ � 4	q/q�vw  

 E�$ �� P��
� ����,�4 ���S���J :�� 
`� ���������   #� ���3

�� .�$�5  
  

 
 )��4 - =5%, )*�*'� HM0( $��%� �6 �>D5 H4%� )
D3%� 	� � �. �  ��� � ��  ���56 65�45 3	��2�, ��2�, ��2�  3   E��'�

 ��
� A )8]24[  

  

3 -3- )*�*'� G��( N% '� 20��6 �, �%!8 $��%�  
 ��$ E��"� z	-
� :���� �5 �	3L *��� *��	@ QF5 6�� ��

���$ EF4F
� ���� 7���  7�# I��2 �5 7������ ��J .��$ �d � �R ∙ x/q  �� ��$ p�	1�x  � �15	� �	3L =4U .�?�R 
�� z	-
� :���� 
J	# �5 EF4F
� <�-� *��� *��	@ ��
5� .�$�5

 EF4F� 8�	Uε � 0.99 ���$ �
��L ����� �� 
#� ��$  7�#
���$ 6�� .����� ��@� EF4F
� <�-� �� 
#�  �	5  7�# vw � 10>   7������ ���J� �100  �1000  E�$ �� .�$ l�!��5 �

 � ��% P��
� �5 �	3L 9�	� ��  ��0J � �,C� 
J	# E�C�	�
 *����0/]31[ ��$ ����,� :�� �� 6�5 �5�D +5�A� �� 
#�

�� �iLN� .��$  	5 �#��� ��J I�	��b� �#�	5 ��i�� �5 .�L  
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p��  ^  

 )��5 -  =5%, �%!8 �(%� �6 =60�4 (P 3 �>D5 (Q/5 H4%� )
D3%�	� � �. ��  ��� � ��� 3�� � ���, ����  3  E��'� $5����R 3 �
B]31[  

  

    
p��  ^  

 )��6 -  =5%, �%!8 �(%� �6 =60�4 (P 3 �>D5 (Q/5 H4%� )
D3%�� � �. �	�	�� � ��  3�� � ����,��2� 3 63� � JG'K5 23� E��'�]24[  

  
 �*��	@���$  �	5  7�#ε � 0.1  �Re � 10   �vw �

102$,102>  ��  l�!�� E�$ �� .�	�%6  P��
� � �5 6�9
��5 ���$
 =@	� 7� E2�L P��
�]24[  ����,� ���-� >N
D� :�� 	5 ��
��

.
#� ��$  
  

3 -4 - �
�0� �S,%� T��� J5%U5 $��%�+
 � �, ��� � 

)*�*'�  
���$ 7� E2�L P��
� ����� �� �� �15	� =��� >�	?� *��	@  7�#

 '�  
)23(   ¡ � k¡0.5SIR$v 

 
��FU �5 EF4F
� <�-� ��Vh �� �O��� ��$ �C�U� *� >�	?�.��$  

  
 E�$7�� *�"� �� �#�	5 ���� �4��� �#��/ � 
J	# �5 *��	@ .�/�

 
D�����IR  ������ 
��� �5 ������ ���� BR � 1/8��  ��J .��$
 I��2 �5 7�������d � IR ∙ v/q  I��2 �5 �#��� ��J � vw � r/v$ �� p�	1� �� ��$ v �� =5	� =4U .�?.�$�5  

 ���$ ��B ��
5� �����$ 7� P��
� .N,
#� �#�	5  �	5  7�#  ��5
�� l�!��  .��@ .��$1���$ I�jF"� � ��5  *�"� �� �5�F
��  �/

i�� �5 �� �/� ��
#� ����$ ���3
#� ^�4A� 
`� �5 �5�� ��J .���
 7������ ��J �5 e�5	� .��@ 6�� �� ��@�� ��� 8�	U � .�/�	
#�

200�  
��FU£¤ � 0.1   �#��� ��J � vw � 102a�� .�$�5  
���� �5 �@�� �5 6��	5��5���$ ����� 
#� �5  �/   ��5320�1280 

�� ^�F
�� ���$  _��	� *���J �5	%.�/�	
#� �15 *��5 ��J .��1   ��

 I��2 �5¥
 � ¦∙¤f§ �� p�	1�  �#�	5 �� _&� 	
����� '� ���$

*��	@�� ������  �/ �� �$�5¨ �5��	% Q��/� W���	C  � �/IR 
�� .����  ���� �� ���"�5 
J	#  .�$�5  

�� ��#�-� 	�7 �A5�� 7� 9�� ��� 8�	U.��	%  
 �*� �� ��k¡  ����  �	��S  �.��# ���(BIR 
J	# ���"�5 *��	@ 
 ���� ��  � .����v �� =5	� =4U .�? �5 9��  ���  �	��  .�$�5

) �A5�� 7� ���3
#�24�� ��#�-� (:��$  
�� ) �A5�� ��24 �(l  �=��� <�-� �  � � �3���  ��0J � �,C�  �/

 � ���4�# wA# 	5 .��	� ���	5Ig  �  
J	# �#�0� �3���T  ��"C
��.�$�5  
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