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Abstract 
In order to understand the mechanism of flow patterns in vegetated channels, the flow located in a rectangular channel was numerically investigated 
by using OpenFOAM software. Firstly, two solvers of that software (i.e. icoFoam and pimpleFoam) were used to calculate the velocity profiles in 
both longitudinal and cross-sectional directions for four selected sections in a rectangular channel with a square cylinder. By comparing the simulation 
results with the available data, the icoFoam solver with a better performance (six Percent Error) was selected for the next developed model. A new 
model was then created with two tandem square cylinders with spacing ratios of two and a half and five. Flow patterns, velocity distribution and 
pressure characteristics in the channel with different inlet flow velocities were investigated for two cases. It was observed that a flow field disturbance 
occurred in all simulations and the current changed from steady state to unsteady one at a critical velocity. This instability occurred in a distance 
between the cylinders for the spacing ratio of five at an average Reynolds number of eight, while for the ratio of two and a half it is occurred at an 
average Reynolds number of 32. The maximum values of longitudinal and transverse velocity timelines in a period of 200 seconds for four states 
(including two Reynolds numbers and two different spacing ratios) were plotted in two spatial ranges and fully investigated. According to the results, 
it can be said that the overlap has an important role on the flow characteristics in tandem arrangements and by increasing the distance ratio between the 
cylinders by 55 percent, the critical velocity value decreases by 74 percent. 

 
Keywords: Critical Velocity, Numerical Modelling, OpenFOAM, Spacing Ratio, Straight Channel, Tandem Rigid Vegetation. 

  

  

  

  

  

  



	"# $%!�� !&'(� )	�!�$ �(*+ *,-�$ ./) 0(1�2 

  

 ����12 �  ���	
3 � ���� 1401 

630

  

�����  

��
�� ��5��� ���  ��!�� AB!8@ �� &��!. �/�� �� ��

) �	)�� E
��Kang, 2013 �`���1����a` � ��
�� ��)5�, .(

��5��� � �� 7��b ��@  �/�� ������� �![cH A9H &=��H

) A,� &��!.Anjum & Tanaka, 2019����� .(  ��!2� ���

 ���� &��!. �/�� 3� C'U� &)�
3 &,�	=� � ��5���

��5��� 72��, A!8YH M�,� -��  � #�5 S�F'H ��)	� -&
�3

)/�� &��!. �/�� ������.3�� � M]  A/� � ����] �� ��/

 &/�� �	H ���� � ��
�� &'� A���<� �
�01� -&�R!,

��G+� &� ���F),� �)�� � ��/ ) �		�Lopez & Garcia, 

2001; Ghisalberti & Nepf, 2002; Zhang et al., 2010;. 

Vojoudi et al., 2020a, 2020b �� &��!. �/�� �/� .(

����� ���3�� A/� � ��  ��0!� �� &G=� ��[] &�R!, ���

7!1��� -��
��  ���3 � &�)F/]  
`� -A+�, ���G+ ���

) ���� &"!����!�Curran & Hession, 2013&� d(  ���H

�� ����L� 3� &���. �
 &"H ���),� *
 e��@� ��
�� � �

���),� &� Sf�!, *!��"� *!,R� ��
�� *
 -��  .�/��

���),� ;���� 3� ���8+ ��
�� A!���  A,� ��!g!� ��!�� ��

) ���� &.�0� &,�	=� %�=F� �Perumal et al., 2012 .(

 �/�� �[�  �!��"� h!b� A5�	/ � &,��� ���� �
����	�

 &��!. �� �] �
�� ��)�� -����� *
 �� ��
�� ��)5�, ��

�  JK, � )1�. �$� �� �i	+ �	> �� ���, &����� S��I

 .��/ &,��� ����� �� ��!, ��
�� �� �I�	+ �] 7��BHWu 

et al. (2020)  ���!,� Q!)� �
� � ��5 &���L
��3] ��� ��

 C!/ � j(, A1� -A+�, � M] j(, C!/ �

 �� &"
�0� (��� &��!. �/�� �� <(	� �� &"!����!�

 .���� &��!. �/�� �(b �  ���H -C!��H�� ��  ���

&H�8,�9� Sf�!, *!��	
� *!	"H -)/k.1 )CFD� (  ��@

���)�.  � ��!, ��
�� �!!BH ���� ���),� *
 e��@� �

��
��  A,� )1�. ���b ���F),� ���� \')D� ��������� �� ��

)Richardson & Panchang, 1998; Ali & Karim, 2002 .(

����� 3� ���!��  ���!� ��� �� ���+ � &��QH ���

m�� C
�? -��
��2 ������ A8�� �3 ���),� ��
�� ���  ��

) A,� ��/ %�Q�� &B��� �Park et al., 1998; Nakagawa 

et al., 1999; Lam et al., 2003;. Kharlamov, 2012;. 

Dupuis et al., 2016 *
 �� �=	H S�B��(� �
� 3� &5�� .(

��/ 0��G)� ���),� ) ���Sumer & Fredsøe, 1997; Cao & 

Tamura, 2008; Butt & Egbers,. 2013����� .(  ���

��
�� � W<1 ��
�  %��] ���&� ) ��3����Park et al., 1998; 

Rajani et al., 2009; Gera et al., 2010; Bai & Li, 2011;. 

Kozlov et al., 2011��
�� �� 0!� &5�� � (  )F/] ���

��/ 0��G)� ) ���Cao & Tamura, 2008; Ong et al., 2009; 

Butt & Egbers, 2013 ��B� �� ��
�� ���+ &,��� �� .(

)2De��@� �� (  -���),� *
Reichi et al. (2005)  �
�

3���	
� ��+ �� �� '���4 )Re (180  �!� e�"/ A8�� �

*
 &��2 �� -��� ���b B��(����� E	� �  �� � Rajani et 

al. (2013) �  3� ����k. &G
���!U %��] ��
�� �� ��G+��@

��
�� ���),� *
  .�/ 0��G)� ����� *
 �� ��Gao et al. 

(2019) !8/ �3�,  3� ���8+ ��
�� ��B��� ���+ ���

�� �� ��	'!, �/ Re  A8�� � )�� � ����� %�Q�� �!
��

&�),�5�� ��
��  
`� ��=> -'I�15  .����� &
�,�	/ ��

����� 3� &5�� ) ���.Durao et al., 1991; Kumar & 

Ray, 2018; Cao et al., 2020-( !8/ *
  ���� ���+ �3�,

�
��&B��� ���),� 3� ���8+ �  *
 �� )1�. ���b 7"/

 �� ��  =� ���+ '��� *
 � ���� %�Q�� �� )�� W!9�

!8/ ��
�� �3�, �� ���  *
 3� ����k. �f�� 3���	
� ���+�

�� ��� ����� 3� &5�� � ����� &,��� �� ��B�  ��
� ���.

'��� �!	> 72 ���� )��� J!Hf o�� 3� ���F),� �� ����06 

)LBM &�),�5�� � *
�0� <(	� � &/�� 
f <(	� -(

) ����� 7!'9H �� ��	'!, e��@�Perumal et al., 2012; 

Adeeb et al., 2018; Sarwar Abbasi et al.,. 2018 .(

 � ����� 3� &5�� �!	> !8/ �� ���. �3�,  3� ��5 ���



3
� 0�/� �)'� (45 6� 7�
8�� 9
8� :��� ;&� �� <�7�"  0�=��  >*!6 �= ����>/5 05 OpenFOAM 

  

 ����12 �  ���	
3 �  ����1401 

631

%�� �)� ��01� ) 3��OpenFOAM( )1�. *G�) ���Gamet et 

al., 2020 .(  

����� q	!L!� &,��� 3� &� r�1 ���  s�8	),� ���H

�3�, -������� �$	� 3� � ���  ;(<� �� ;���� ����� ���

&B��� &.�
� � A8�� 7"/  t��2 ��!�� -��
�� ���

�3�, �!	> e��@� ��
�� .�	)�� 8	� 3� &
��  ���

�����!� S��!!TH -��
�� ��)5�,  �!��"� �	��� \')D� 

��
�� ;(<� j(, �� ... � ��
�� 3� &/��  .A,� S��F)� ��

 =� 3� &"
 'I�1 A8�� -��
� ��, 3�  ����)����� �
�H

����� &5�� W,�H ��/ ;b�� ��H���� &� ���.  -�/��

� -��
�� ����)����� ��� �] �![cH ���  &,��� 7��� ��@

 .A,� ��L����]�� 3� ���F),� ����� �
� ���  3�

%�� � ��01�)� 3�� OpenFOAM  ��� E
�)� &��
3�� ����

&� &���L
��3] � �/�� �!�M�D)�� �
� 7-  �����	GH��b

%��  �] ����� �!!TH ��"�� � ��01� .A,� 3�!� C,�	H �

 � �[� B��(� �
� �� �
����	� &��/��7  �!� 'I�1 A8��

���),� &B��� ��� � � -C'I 7"/ )L��� C!H�H8 

)1�. ���b (���)�� *
 �� �  � �, AL� �� A,��) ���

�  � � �/ &,��� ���+ S��I  &��
3�� ���� �!	>

 .�/ ���F),� A+�, &���3 �������G� 3� �)=�  

  

��� � �
�� �  

 ������������
 ��� �����  

��@ �� 7"/ 7!()�� ����� *
 )L-�)� E	� ( u�+ )H (

AL�   �� ;��� ���),� *
 � �)���@ �� )D*
 (   ��

�)�  �� ;b��25/1 �)�� �!
�� 3� ����� ����� A,� )I (

W,� ��  ����� ;(<� j(,� ���	+  �$� �� !��� ���

 )1�.�/  7"/ �� �)1( A,� ��/ ���� ��L�.  

  

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

 ��
�� *
�3�"�
�9 )#�	8�>(  ���H  �
k�����  ��B�

 ��B,�H ��� �
� �� -A��[ ��!, w��5  �$� �� )1�


�/ )1�. . ���),� �� ��� �� ��
��&B��� 7"/  �	'�

� ��@ ���9� �3��� ���
� �� W,�H ���<)� &�  .�/��

'���  7"/ ��)2( A,� ��/ ���� ��L�.  

  

 
Figure 1. Definition plan of the first primitive 

geometry (after Breuer et al., 2000) 
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Figure 2. A geometric configuration of computational domain with boundary conditions 
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 ���),�)D (����
� �!� 'I�1 � ����� ��� )H A,� (

�  �
3 {�/:A,�  

	 � 

� 

)2( 

����� ��  *
 �� ����� u�+ �� ����	'!, � &
��

 -����� ���b  !<)�� \
��D ��	'!, �(b x�GQ� �
���� 

�/�� ;(<� �� .�)1�.�$��� �� -)1�
 B,�H ��� �� D � 

H � C!H�H �� ����� *
  �20 �� ����� ������ A8�� -05/0 

�/ )1�. �$� �� .&
�Q�]3�  �� &H�8,�9� �3�2 ��	=� �

B,�H ���  -A,� ��/ M�D)�� m�0� &1�� �3���� � )1�


 ��$)��A,� �
� ��  &
f�� � �!
�� ���3�� �� ��
�� �

 ��3] ��
�� W
��/ ��	� 7!�  ��3�� ��![cH G� �� &

) �	/�� )/�� ��
�� �������Sohankar et al., 1998; 

Etminan et al., 2011; Kanaris et al., 2011 .( e�@ 3�

 ���),� �(b 3� ���F),� �� -��
�� ���	+ iDL� ��@ 

]m -[  -�0��� W5 ����� ��
�� A+�,|U| -� ���	+ 

A+�, t�!<� ]m/s[ � ν � ���	+ *!H�G	!, )
3�"�
�15 

]m
2
/s[- 3���	
� ��+ )Re (&� ��  ���H� S��I  �
3

��� \
�BH:  

� � 
|�|
�  )3( 

 �� ����� �� -D � ν  � ��/ u�1 A��[� C!H�H 

 �� �����*
   �� � �)� !��[ �� ;����)� %�I *
 -�	)��

-%�� ��� �� ���|U|  ����� A,�  3���	
� ���+� ����]

A,� S��F)� \')D�. Norberg (2001)  � A1�
��

�H ��
�� 3���	
� ��+  ���2160 &� &b�� ��B���  � ����

�!� �H !8/ �3�,  �
� �� �������  � �H ����9� �] 3� 

.����� ��
� 3 ��� %�GH -��  �������� �
�  A��2 ��

 ���� ��B��� .�/ �)�����&� ��
� �B� �!��"� � �  ���

&� \!I�H �� &��,�� ��
�� � ��+ -�	�/�����)16 )St (

 � A,�� S��I &� \
�BH �
3 ��/:  

�� � �

�  )4( 

 -�] �� �F 
�, &����. J����117 ]1/s � A,� [

;
�, 
��1 7
�8H W,�H18 )FFT&���3 gD
��H (19  C
�?

�]�20 � &� A,�  ��!� � .�
]Den Hartog (2013) ��+ -

 �] ���<� ��� -���� &�)�� 3���	
� ��+ � �����)/�22/0 

&� ���F),� 7a��� �Y�� �� �f�GB�  )�� -����� �
� �� .��/

 3� �����)/� ��+ -3���	
� ��+ �17/0  �H19/0  ���� �!T)�

 �
����	�F  3� �R��<)�7/1  �H9/1 .A,� �!T)�  

���!� � �� Sf��B� ���+ %�U�� �� ��
�� ��B
��� -

J��),�21 )N–S( 7��/ � -&���5 �����!� ���� -

 ���B�) &�),�!� Sf��B�5 � (%�)	��� ���B�) 6 �� (

 -A,� &H���� S�i)D�  )�!, *
� A,� &� �
] . ��8�

���� ���b ����� �> AG, �!
�� �� &H���� S�i)D� .

 Sf��B� �
� *
 �� ��
�� ���� &	H�!� ��!,�3�"�
� 

 ���H �
k��� -&G
���!U A,� �
3 {�/ �:  
�u = 0 )5( 

��
�� � �u��u �  � �

�  �p �  ν ��u            )6( 

�] �� � u -A+�, ����� t -���3 ν  )
3�"�
�

 &"!H�G	!, � ����p � ρ � C!H�H  &��� &���> � ��L1

&� ��L� �� ��!, �	��  ����� M] &���> �1000  %�.�'!�

.�/ )1�. �$� �� CB"��)� ��  

 Sf�!, *!��	
� �� -�?�2 &L���� ��� ��

) &H�8,�9�CFD (OpenFOAM  Sf��B� 72 ����


��� -) �/ ���F),� J��),�Lysenko et al., 2012; 

Montelpare & Ricci, 2016 .(&
�Q�]3�  �
� �

%�� �� ��01  � ���
�� S��I�)� 3�� &�  0!� � �/��

����� A!'��b �!� �� �3���� ���� �� &�
��  �H

!8/ �3�,  'G� 3� Sf�!, *!��"� �� W8H�� ���

 ���F),����� &.���] �D� &)2 � S���2 ��<)��

����� ���. &� ���b ���!�� ��!. . ��'2 x�� ��

OpenFOAM %�� �  ���icoFoam  �pimpleFoam 

����� x�� �� 7��/  )
PISO  �PIMPLE  ����
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!8/ � �3�, !8/ x�� �� .�/ )1�. ���  ��
�� &"
 -�3�,

 ��'2 ���� %��]icoFoam  )F/] � %��] ��
�� �� �� �

 ��'2 ����pimpleFoam  ��� 0!� �k-ε  ��
�� ���� ��

�� .�/ ���F),� )F/] icoFoam  %��] ��
�� Sf��B�

 ���H   )
����� 3� ���F),� �� �� J��),� 
��� �
k���PISO 

����'G+  !�<H �� &	G? ��L1)22&� 72 ( �	�(Issa, 1985) .

  )
�����PISO &�  ������"H �� �� �� ���� ���B)��!U ����H

� ��H�� � ��!�� �$� �� ���B)��!U &���)�  � ���� ��k. S��I

 s�/ *
 ��� .���� 3�!� �3�� W
��/ � !��� 

pimpleFoam  )
����� 3� PIMPLE &� ���F),� � �	�

 )
����� 3� &8!��H PISO   )
����� ��SIMPLE   o��)

G!� ��L1 �� W8H�� Sf��B� ���� &	G?23 ���� � A,� (

&� ���F),� &G
�� ��
�� A��2 W
��/��/ )Patankar, 

1980( )
����� �
� . o�� ����� ��  ����/ ���"H ���

 � A��2 ��<� ���� Sf��B� ���� AF� ���� &����

� %��  Sf��B� 72 ��$	�� .�	)�� %�)	��� � &�),�!

�] )��. ���� ��  ��� �� ��"� �� ��
�� ���!� ����

���9�  Q2 o�� �� &'!()�� &H���� �� *
24 

)FVM� �� -���3 �� >��K"
 � ( &	G? o�� 3� ���F),

&� ���F),� %�� 8H��  %�GH �.� ���!T)� G� ���� .���/

����G!b�� t�!<� ��� �!
�� j(, �� ��/  �
3 � �H001/0 

&� \b�)� ���"H �	
��1 -�	/�� &� &���3 %�. .��/ �� �B�

!8/ &��GH �3�, 3� �!� .�/  !$	H %�I *
 ��200 

!8/ ����)����� �/�� ���� �3�, .�/ ���� 3�!�����

 )�!, ��� �� S�8,�9� Intel(R) Core(TM) i5-

4200U  ���3���� ��6/2  �/ %� � �0H����!.

� &)
����!.  -()�� ��=> 3� ���F),� ��) �3��� S��I

�  � .�/ %�Q�� S�8,�9� ���3 ���� ��$	�  -�!	>

 3� J� S�8,�9�200-000  � &��!),� �9� � ���"H

GH�5 ����
�� ���3 � )1�
 CPU  ��8
�<H ���� �� ����

25 .A,� A+�,  

./� � 0!�1  

����
 ��� 0!�1  

%�� � \')D� ����� x�� , -����� �
� ��  ���ico -

pim_La � pim_Tu � � A1�
 %�Q��  ��'2 C!H�H

icoFoam -��'2 pimpleFoam  ��'2 � %��] ��
�� �� 

pimpleFoam  �� .�	)�� )F/] ��
�� ����Re= 100 -

��
�� A=� �� -A+�, F��� �� �� ;
3�H25  A+�,)

) (&��@U;(<� A=� � (26 ) (&?�+ A+�,)V �� -(

 (�0��� W5 ���)�� ��) &��@ �D� *
 7��/ -��"� ��=>

� -&8��� �D� , � 7!1��� JK, .��] A,� A+�, ���

A!Bb�� �� ��
�� ���!� �� \')D� ������� Re=100 

 E
�)� �� � ��/ ���D),�Beurer et al. (2000)  .�/ �
�<�

��8)+� ���� &'5�� ��(5 �I�� 3� ��� &Q	,27 )PE (

 ���F),� \')D� ��/���� o�� , ��"'G+ &��
3�� ����

� � �/ &� \
�BH �
3 S��I��/ )Samet et al., 2019(:  

PE = ∑ !"#$"%
"#

!×100 )7(  

 -�] �� �&'  �&(  � ��L� C!H�H A+�, ���<� ��	��

����L� � A+�, ���<� � ��/ A,� !8/ 3� ���]  �3�,

.�	)��  

) 7"/37!1��� (F��� ������ U � V  �� �� A+�,

!8/ �
��<� ���� �0��� W5 ���)���3�,  &Bb�� � ��/

&� ��L�) 7"/ .���a -3 'I�1 3� �� ��
�� A+�, (

95/0 &B��� ���),� �> AG, 3� ��)�  � ��) 7"/

 �H (��
�� A,�f��95/1  ��)���!
�) �] 3� �H��!
�  A,�

&� ��L� �� (��
�� ���),� ;'? � ��/ ��H) ���10 

&)��,&� �)�&���3 .(�/�� ) 7"/ �3&� ��L� ( ���

$9� &?�+ A+�, �] �� � A,� �� V  'I�1 ��05/1 

 � &F	� 3� �] A�R+ � )/�� ���b ���),� AL� ��)�

&� �!!TH A8Y�&� ����L� .���
!8/ � ��/  �� �3�,

�!� Ab� ��
� ����� � A8�� ��	'!, S���Q�  ��H

AG�b ��
� �� � ����!8/ �
��<� �� �!� �� �3�,  3� �H
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) 7"/ .A,� ���� ���]�� &Bb�� �
��<�b-3
3�H ( ;

&� ��L� �� &?�+ A=� �� A+�,&� ����L� .��� ��/

!8/ 7!1��� � �3�,  3� �B� A+�, ���<� ��/ ���),� ��

 �H95/0 �!� &G� -�)�  �] 3� �B� ��� -���G� 8,�9� �H

 � ����<� �� A+�, 'I�1  �$� �� &Bb�� �
��<� 3� �H

 �� &��5 ��!�� A<��(� E
�)� -x�GQ� �� ��� .A,� )1�.

 .���� &Bb�� �
��<�  

) 7"/47!1��� ( &��@ A=� �� A+�, ���

 7"/)a -4 - 7"/) &?�+ � (b -4 A!Bb�� , �� �� (

=�FI �� \')D� ���9�x ��L� AL� � ��=> -

&� !8/ A��2 �� �� ���� E
�)� .��� � ��/ �3�,

� &Bb��  ��/ a��� &�] � 0��b e�B� ��� �� C!H�H

&� ����L� .A,� � ��/ �  �
��<� �!� &���5

!8/ �3�,  ���),� S���Q� �� &Bb�� �
��<� � ��/

A��2 ���� =�FIx  7!1��� �� ��� .A,� &��+ ��� ���

 E
�)� +�GQ� �� �!� &">�� S�1��9�� ���),� 3�

&� ��
� E
�)� �
�)=� -A=� �� �� �� ��2 �� � d��/

A��2 ����  =�FIx � .A,� ���] A,�  

  

     
(a)                  (b) 

Figure 3. a) streamwise (U), and b) cross-sectional velocity (V) profiles at Y=0 
  

   
(a)                 (b) 

Figure 4. a) streamwise (U), and b) cross-sectional velocity (V) profiles at x=0, 4 and 8 
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 ����)1( E
�)� PE '2 , �� ���� ��ico -pim_la  

� pim_tu  �� �� ;
3�H 8,�9� ��F���  ��=> �� A+�,

\')D� �D� �� &� ��L����.  

  
Table 1. Results of percent error for both directions at 

different sections for ico, pim_la and pim_tu, respectively 
Section 

Direction 
y = 0 x = 0 x = 4 x = 8 

U 8, 12, 13 7, 13, 11 6, 15, 16 8, 13, 14 

V 5, 14, 14 1, 10, 8 7, 14, 14 9, 14, 15 

  

'2 , �
�<� ���� &�� A1�. Q!)� ���H ico  ��

�!���!� PE  �I�� �/ ������ A8�� ��)=� ��"'G+ 

pim_la �!���!� �� PE   �� �����13  �I���pim_tu   ��

�!���!� PE  �� �����13  �I�� 8,�9� �����<�  A+�,

���� .'2 -�
����	��� icoFoam  ,�	� �� ���F),� ����

�/ M�D)�� %�� )1�
 B,�H.  

  

��� 2���� 0!�1  

��G� ���@  %�� �D� ���/ ���� j!?�H � ��H �� -

 �!� 'I�1���),� ��B,�H ��� �� ���� �� -  &,��� )1�


 d�/�� ��� A��2 G=5D �� %�� A��2 � G=2.5D  ��

�/ )1�. �$� .!8/ �3�,  � A+�, 3� ��- &
��  �

 A��2 �� ����� �� ��
��&G
�� ��� - x��/��/  �� �� �

� A��2 �� A+�, � E
��H��� A1�
 �
�01� �Hf�� .

&
�Q�]3� �
��<� � D � ν  A��[�	)�� �
�01� �� Q!)� �� -

 A+�,��< 0!� 3���	
� ��+ ��&� �
�01����
����L� . 

 ����� 3� J� � �/%�.���  �!!TH &+�� -&���3&+��) 

�R)5�(  ��
�� A��2 ���3���� �� iDL�&  A+�, 3�

��
��- &� V���� . �!!TH &+�� �R)5� �
� &,�	!, �


�� 3� � ��� A+�, ��,���!
 � � ��/ x��/ A,�

&� 7<)	� ����� A,�f�� AG, ��/ .&� �� � AF. ���H

��
�� A+�, 3� �DL� ���<� �
� (&���9� A+�,) -

&� ���b &��<)�� A��2 �� ��
��  �
 ���� �� � ��!.

 �� ��
�� ���!� -A+�, �
�01�� C!H�H  A��2 ��&G
�� 

 �
&G
���!U &� ���b���. Anjum & Tanaka (2019)  0!�

 ������� ��5  75�� �� A5��	"
�!U ��
�� *


AG�b�/�� �� ��� ),�!��� � 
f�� &��!. ���

����� ����L� � .  � ��	>Diwivedi et al. (2022)  ��

 'I�1 A8�� B��(�5/2  �H5/5 �01�
� �& <��, ������ 

���)������ ��
�� ���9� 'I�1 ��& ����  ���),�

��!
�  � A8�� A,����),�  A,�f������� ����L�.  ��

���� �
� �)�
E Wang et al. (2022)   � ��L����  �

� M���.!� , ��!��	' '� 7��+!�� �[��  A���<� ��

��L1� ,!����	' '5�� ��� ��& 9�!W )1���1 .A,� 

�� ��� ���� ���� ��/��� &��<)�� A��2  �� ����� A+�,

09/0 ��� V� (� �� ����� 3���	
�) !��[ �� �)�-  ��&��2 � 

 �� ����� A+�,�� �� %�� ���� ��35/0  !��[ �� �)�

 �� ����� 3���	
�)35x�GQ� �� .��)1� r�FH� (-  ��L� E
�)�

 �
�01� �� � ���55  ��I�� �!� 'I�1 A8�����),� �� -

A+�, ���<� &���9�  &)+�,)
�� ���!� �] �� � 3� ��

 A��2&G
��  A��2 �&G
���!U &� �!!TH���
 (74 �I�� 

&� ���� �� ��
�� ���!� �� ����
���� -;b�� �� .���


 &)��2&� �
�01� ����	'!, �!� ��z1 �  �H��3 -���


 A+�, �� &	B
) � �H&� V� ( E
�)� �� E
�)� �
� � ���

.et alSarwar Abbasi  (2018)  �.et alWang  (2021) 

.���� &��5 ��!�� A<��(�   

 ��!� �� 7"/ 7!()�� A2��� *
 -���� ��

���),� �] �!� ��z1 W<1 � -)L��� ���  �/�� �� ��

&�  %�� �) ���"A2��� A��2" � ��/ &,��� (

A+�, &���3 s�(5 �Y���228  ���3 �� &��@200 

 A,� ���]��
 � %3f .�/ 8,�9� !2�� �
� �� !��[

  !� � !��[�� �)� *
 ����� A+�, �� �)/�� �� �

� 3���	
� ��+ x�� �� !��[�� �)�  ���<� �� C!H�H100 

 �50 �� �)/�� �� .�/ )1�. �$� �� Re �� �G 
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&�  �
� � � ��� u�1 �� �"G� A��2 ��=> ���H

I�] �� � ��� A��2 d�	)1�. %�� S�� Re  �����100 

� G -%�� A��2 dA,� E	� �� �����Re   �����100 �G 

 �� �����5/2 �� %�, A��2 dRe  �����50 � G  �� �����

�� %��=> A��2 %�Q���, � E	�Re   �����50 � G  �����

 ��5/2  A+�, &���3 s�(5 �Y���2 .�/ )1�. �$� ��

� &?�+ � &��@ ���� �200  ���� ��=> �� ���� !��[

� � ��/  !,�H 7"/ �� C!H�H ) ���5) � (6 �
�G� (

��G� .�/ ���� ) 7"/ �� ���@5&� ����L� (  �� ��/
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Figure 5. Timelines of velocity profiles in longitudinal direction at four cases while considering the area between two 

tandem cylinders 
  

Figure 6. Timelines of velocity profiles in lateral direction at four cases while considering the area between two 

tandem cylinders 
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(a)    
  

(b)    

Figure 7. Timelines of velocity profiles at longitudinal a) and, lateral b) directions at four cases while considering a 

section in the middle of two cylinders 
  

  

0

0.5

1

1.5

2

0 25 50 75 100 125 150 175 200

U
x
 (

m
/s

)

0

0.5

1

1.5

0 25 50 75 100 125 150 175 200

U
y

 (
m

/s
)

time (s)

first case

second case

third case

forth case



3
� 0�/� �)'� (45 6� 7�
8�� 9
8� :��� ;&� �� <�7�"  0�=��  >*!6 �= ����>/5 05 OpenFOAM 

  

 ����12 �  ���	
3 �  ����1401 

639

  

<���
A=� �� A+�, 7b��2 � �Y���2 � ) &��@Ux (

� ) &?�+ A=�Uy � (7b��2 � �Y���2 ��L1 )P(  ����

(5 A��2 �� ��s�  7��/ &���3" A��2A2���"  �

" A��2;(<�"  �!����),�  �� 3� �8,�9� &���3 S�� 

200 !��[ ����� 3���	
� ��+ ���� ��100 � A,� ���] -���

 ���� ��)2(  &F	� ���<� .A,� ��/ ���� ��L� F���Ux -

 h@�	� 3� &/�� C<+ � �� ��
��&�),�5��  ��L� ��

&� &F	� ���<� � ��� F���Uy  �� �� ��
�� A+�,

 A,�� � �> A=�;(<�  (��
�� W5 �� ��G+) �����

&� ��L�.���  
  

Table 2. Maximum and minimum amounts of 

pressure, velocity in X and Y directions at the Re of 

100 in both states (section and area) 
Section Ux Uy P 

Max 1.842 1.425 0.609 
Min -1.715 -1.516 -1.782 

Area Ux Uy P 

Max 1.695 2.050 1.498 

Min -1.715 -1.918 -1.816 
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