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Abstract 
In this paper, free surface flows over a wedge with gradually and rapidly varied depths in a rectangular open channel are studied by 
comparing the simulation results and experimental data. The volume of fluid (VOF) method is used to model the two phase flow. 
The results of the standard k-ε, RNG k-ε, Realizable k-ε, k-ω, and SST k-ω models were compared experimental results. The results 
show that the standard k-ε model gives better results in comparison with experimental data. The results of the simulations are very 
close to the experimental data at the gradually varied portion of the flow. However, at rapidly varied section of the flow, the 
turbulence models fail to predict good results. Performance of this model in different volumetric flow rate is also investigated in 
detail. 
Keywords: Free Surface Flow, Rapidly Varied Flow, simulation, Volume of Fluid (VOF). 
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�7 0�� EI ��	a �� �	�: � ��� ���� �D�� E�]� �� ���	: �>7 ?� 

0��B P� 2��� 8���� ��� 3�a �	]
� vU R� 	7 0�� @A. 

P� ����	: ��3� � ��Z 2�-� ���� ��/ 	7 t�F �7 �D�� 	
� T�	a 

�� ��	: .6�	U� ��� k�Z 6
 	: ?� 0�JD� �	� @A. P� 	7 0�� 

@A. �����/ �� �/�7 k~. ���� 0�I 0�	7 H?j 0����  0��Z 9F

 ^3Z �>a�� 6��>� � 	��o� (?��	� �7 .��/ �� {�	X
.� P�

 �� 9O�F 0��Z 0?�. ���/ ?� �� �V�� �7 C��
� �WD
X� 0�J����

.���	: ����5� ��/ ���� 0�I ����� �� ?� R���?� 7 �.� ����  .�

� �� 8��B 1  ����	: �T���.�.  

  

</��1- �(QC( A+� �, .)/�/ .�5 �)()  

��R+�   S�#4�(

 P8

.)/�/  

(m) 

 +T@

 ��B/���5

.)/�/(m)  

 S�#4�(

 P8

��/+U 

(m)  

 +T@

 ��B/���5

��/+U  

V9+� 

.)/�/ 

(m/s)  

1  077/0  1008/0  038/0  0754/0  10/0  

2  087/0  1048/0  052/0  0871/0  16/0  

3  097/0  1087/0  062/0  093/0  22/0  

4  107/0  1110/0  072/0  098/0  26/0  

5  117/0  1130/0  081/0  1025/0  30/0  

  

9� �	� @A. P� 9O�F ?� -���?�J� � 0�I��
��� 2��	B ���4r �7 H	� 

��Q � Fluent � 8�� k-ε ������
.� �� C�� �7� WD
X� .� �7 

���� .� �� �� ����� 97�a ��I�-� .�.  ��/ �� ���� �� ��A��3I

 ���4r �7 _�7	� f�� Q�	a ��
��� �71000  ���I� 2�-� �� .�

 ���4r ?� ���4r 	��<� 9]� .�/�7 �� 	K����� ��F�� �� P� ��B�

 k� 2� 0�I ���� � ��/ �
U��/ �	
-� 9o  2���Z �7 ���I �7 P�

..� ����	: ����5� 0��Z 0�I ���� �7 	��o� (?��	� ?�  0�	7

� {�	X
. ��Q � H	� ?� 	��o� ?� �I ����  Get Data  ��/ ���L
.�

..�  

  

>	3- (OB(W-���8 �) P8 )(�8 XT� V�2Y/ �,) .(+,00058/0 

(m
3
/s)    

>	3- (P.��� ��M	 �) P8 )(�8 XT� V�2Y/ �,) .(+,00058/0 

(m
3
/s)   

  

>	4 - (OB(W-���8 �) P8 )(�8 XT� V�2Y/ �,) .(+,0010/0 

(m
3
/s)  
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>	4 - (P.��� ��M	 �) P8 )(�8 XT� V�2Y/ �,) .(+,0010/0 

(m
3
/s)   

 

>	5- (OB(W-���8 �) P8 )(�8 XT� V�2Y/ �,) .(+,0016/0 

(m
3
/s)  

>	5- (P.��� ��M	 �) P8 )(�8 XT� V�2Y/ �,) .(+,0016/0 

(m
3
/s)   

 

>	6- (OB(W-���8 �) P8 )(�8 XT� V�2Y/  .(+,�,)0021/0 

(m
3
/s)  

>	6- (P.��� ��M	 �) P8 )(�8 XT� V�2Y/ �,) .(+,0021/0 

(m
3
/s)  

 

>	7- (OB(W-���8 �) P8 )(�8 XT� V�2Y/ �,) .(+,0026/0 

(m
3
/s)  

>	7- (P.��� ��M	 �) P8 )(�8 XT� V�2Y/ �,) .(+,0026/0 

(m
3
/s)  

  

0�	7 	I C�� �7� ����3I �� 9�/ j�7 ���3� ��J� �/ � �7 ���L
.� ?� 

H	� ��Q �   Get Data i�o
X� ����� @A. ��?� {�	X
.� ��/ � 

9� �	� 0�I @A. P� �7 EI ����5� �/.  

  

2 -3- J\)�2� <��� ��-+� +, ]=�R                             

    ����>�  ?�  �3,F 	��q 8��. E,F 8�� �� WD
X� H�) (VOF 

:��/ �� ���� 	�? i��O �7  

)1(  �
�� �α�ρ�� � ����. �α�ρ�V����� � 0                   

 	�X�� ?�: � ;��� �	
-� 9o  �� �� .� ��/ h	  S�  �A7�� ��

.�I�� n�� 	  ?�  �3,F 	��q .�  �ρq  ?�  ���4rq  �/�7 ��

!ρ � α"ρ" � α#ρ#$.	  
:�4
.��� ����>�  

)2(  ∂u'∂x' � 0	 
	���� ����>�- :k��
.�  

)3(  �)*
�� � u+ �)*�,- � − .

/
�0
�,* 	�

.
/

�
�,- 	1μ 3

�)*
�,- �

																												�)-�,*	45 �
�
�,- �−ρu6́ ú899999�										   

 8�5
�� ����>�k − ε :������
.�  

)4(  ∂
∂t !ρk$ �

∂
∂x; !ρku;$

� ∂
∂x+ <!μ �

μ�σ'$
∂k
∂x+> � G'

� G@ − ρε � S'	 										   
)5(  ∂

∂t !ρε$ �
∂
∂xB �ρεu+�

� ∂
∂x+ <!μ �

μ�σC$
∂ε
∂x+>

� CECρ ε
E
k

� C.C εk !GF � CGCG@$ � SC 
  

 8�� 7��gk − ε  8��B �� ������
.�2 :.� ����  

  

</��2-  <�� V,(:^H − I )�(�����(  

7�g H�� ���5� 

C.J 1.44 

CEJ 1.92 

σ' 1 

σC 1.3 

G' −ρuṔ ú899999 ∂u+∂x;  
μ� ρcR k

E
ε  

cR 0.09 

  

 ������
.� ������ ;7��� ?� ���j�7��� 8�� 0�	7 0?	� v��	/ 6��>� ��

 �� ���L
.� ������ ?� �>7 �7 �DO�  ����? 6�� �� EJ� 	
����� ���/

:��/ �� W�	>� 	�? i��O �7 �� .�  

)6(  yT � ρuUyμ  

 0 ����]�yT   6�7 ���730  ��300  ��Z� ���5� 6�� �� �� �/�7

..� ��/  

  

3 -  ���+,_-��� 

    1� ���3� ?� ��
��� 	�� �3,F ?�  ��I �� i��o7 0��Z  �7

.� ���� .� �� 9�/ 8 2�-� ���� ��/ .�:  
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>	8-(:5 ��C ���R +�= �:���= �( .( ��:��  

  

0�	7 2��� 2�-�  @A. 0�� 	7 �A5� �� �9F ���/ ?� �J7��B 8`5
.�

 2��	B � ���� ��	a ��������I (	� 2��� 0�� ?� 9�a �� ��: �����/

 2���3c� 0�	7 ..� ��/ �
 	: 	K� �� ��/�7 �� 	�<
� �,���� \�� ?�

?� ^3Z t�F 	7 P� �3,F 	�� ���5� �9F ���/ ?� �J7��B 8`5
.� 

P� ���B ������ ?� �DO� )( ������/ @A. ?� ��F�� �� �� �� �DO�  

405/0 0	
� � 605/0 8���� 0��
7� ?� 0	
� � �7 0��7 ���/ �. ��

 WD
X� 8�D. ���>�50×336 �75×504  �100×672  0�JD�/ ��9  �

10 .� ��/ ����5�:  

  
>	9-  �) <���= O= �( S�#4�( �, ���R +�= J(+��04405/0=x  

  
>	10-  �) <���= O= �( S�#4�( �, ���R +�= J(+��04605/0=x  

  

 ���/ 0�I ���� ���/ �� ���� �� ��A��3I75×504 �100×672 

 8�D. ���>� �7 0� ���/ �7 �)� � ��
�I ^�A�� EI 	7 ���	5�672  ��

 � ���c 0�
.��100  ?� 95
�� 0�J7��B 2��� �� ^3Z 0�
.�� ��

 . �� .� ���/  

 	���5� �I�4-���?� 0�I �.�	7 ��y1  �� P� ^3Z)405/0=x (�y2 

 �� P� ^3Z)605/0=x(  6�� k~. � �/ 0	�: �?���� R� vU �7

 �7 0��Q � H	� 0?�. ���/ �� ���/ 	�z ����� i�oX-� �7 	���5�

 8��B �� �� �/ ����� .�3 :.� ��/ ����� 	���5� 6��  

  

</��3- � ��M	 / �5�67-���8 _-��� .)�9 .��y1 / y2  

 �,)

.)/�/  

(m
3
/s) 

y1  >$�R

W-���8 �(  

(m) 

y1  >$�R

 ��M	 �(

 .���  

(m) 

y2  >$�R

W-���8 �(  

(m) 

y2  >$�R

 ��M	 �(

 .���  

(m) 

0005/0  06/0  057/0  025/0  0246/0  

0010/0  072/0  070/0  03/0  027/0  

0016/0  082/0  079/0  035/0  032/0  

0021/0  090/0  087/0  042/0  039/0  

0026/0  098/0  096/0  047/0  045/0  

  

	���5� ��/ �� ��I�-� �� ��c 2�3Iy1   � y24-���?� 8�� �� �I�

 2��	B 0?�. ���/ �� �AU E3�Q��� � ��� 1��Q� EI �7 0?�. ���/ �

 	�<
� =�,����2/5 ..� �O��    

�� 	K� ���� 2��	B �0?	� v��	/ 8�3Z� �7  C��
� .���	: 0?�. ���/

 P� ^3Z�7 �4
L/� 8�� C�� ?� 9O�F 8���� 8�c t�F	7  EI

.�/ ����5�  

  

  
>	11-  �,) .(+, ��	 ���, W�� )(�8 XT� >�C/+�(m

3
/s) 0016/0 

J/�#�� .��B�� �,  

  

 y`
U� 	�<
� =�,���� 2��	B 3�a �� ��/ �� ���� �� ��A��3I

 C��
� � WD
X� ���j�7��� 0�J��� �7 0?�. ���/ C��
� 6�7

.� E� ����7 �I�4-���?�.  (	� ��r� 2��	B �� �
3�a �� 6���

0
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0.6
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0 0.05 0.1 0.15 0.2 0.25

vo
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n
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Y
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m
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 .��7 �I��U �KF`� 97�a �J `
U� 6�� ��/ �� ��������I �7 �B�� �7

9�/11 � �4
L/� 8��k − ε  9� �	� �7 0	� 1��Q� C��
� ������
.�

.���� �I�4-���?�  0�JD�/ ��12  ��16  P� ��?� @A. 0�JD� �	�

 WD
X� 0�I �7� 0�	7 ?�00058/0 ��0026/0  �7 ����g 	7 t>��	
�

:.� ��/ ����5� �I�4-���?� C��
� 

  
>	12-  �(QC( A+� / W-���8 �( >$�R P8 )(�8 XT� .�5 >�C/+�

) .(+,�,00058/0 (m
3
/s)    

  

 ��9�/12 ��	  ��Z �� 0���� 2��	B 11/0  �7 �B�� �7 � �/�7 ��

����3�y�	]�� ���5� � C��
� ?� P� @A. 9� �	� C��
�  �I�4-���?�

	p���F %71/31 .�.  

  
>	13-  �(QC( A+� / W-���8 �( >$�R P8 )(�8 XT� .�5 >�C/+�

�,) .(+,0010/0 (m
3
/s)   

  

9�/ ��13  2��	B 0���� �� ��	  ��Z17/0  �7 �B�� �7 � �/�7 ��

 C��
� ?� P� @A. 9� �	� C��
� y�	]�� ���5� �����3� �I�4-���?�

% 	p���F24/30 ..�  

  
>	14-  �(QC( A+� / W-���8 �( >$�R P8 )(�8 XT� .�5 >�C/+�

�,) .(+,0016/0 (m
3
/s)   

  

9�/ ��14  2��	B 0���� �� ��	  ��Z22/0  �7 �B�� �7 � �/�7 ��

 �I�4-���?� C��
� ?� P� @A. 9� �	� C��
� y�	]�� ���5� �����3�

% 	p���F13/22 ..�  

  
>	15-  �(QC( A+� / W-���8 �( >$�R P8 )(�8 XT� .�5 >�C/+�

�,) .(+,0021/0 (m
3
/s)  

  

9�/ ��15  2��	B 0���� �� ��	  ��Z25/0  �7 �B�� �7 � �/�7 ��

 �I�4-���?� C��
� ?� P� @A. 9� �	� C��
� y�	]�� ���5� �����3�

% 	p���F81/21 ..�  

  
>	16-  �(QC( A+� / W-���8 �( >$�R P8 )(�8 XT� .�5 >�C/+�

�,) .(+,0026/0 (m
3
/s)   
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9�/ ��16  2��	B 0���� �� ��	  ��Z28/0  �7 �B�� �7 � �/�7 ��

 �I�4-���?� C��
� ?� P� @A. 9� �	� C��
� y�	]�� ���5� �����3�

% 	p���F70/15 ..�  

 0�I 9�/ ����5� ?�12  ��16  �7� R��Q � �7 �� ��� �� 	7 6��r

 	
-�7 ��������I (	� 0?�. ���/ �� 0��Z (�� 0��3����

 8�� �� /�� �B�� ���7 ..� ����	:k-ε ������
.�  ���Z� �� j�O�

 ���/ ������ �7 1��Q� �F��� �� 2��	B (E� 0�I Z	.) E� ?������

�X� .� �7 ��.��� 0?�.��� �I�. 9��� j�7 0�I����3� �� 	4�� 

 0�JD� �	� 6�7 y`
U��I�4-���?� � 0?�. ���/  W� �� 0	7? ��B�

 {�B�Z� ..� ��-� �
 	: 	K� �� ��Q � H	� �� �� �/�7 �� 8����

 C��
� �7 y`
U� ��,�� tB�� �I�4-���?� C��
� �� P� @A. 9� �	�

 (	� 0?�. 8�� ������� ��Q � H	� �,�
� �� ��/ �� 0��Z

.����� � �� �?���� �7 �� P� @A. �� ��B�� {�B�Z� � ��������I  

  

  
>	17-  �6�#	8 <�� �) V9+� �:���= �( .( ��:��k-ε )�(�����(  

  

 9�/ ��17  vU ���
�� �� ��/ 0?�. ���/ Z	. 0�I 2����

 �� � ;��� 0�J
�� �� Z	. 	p���F ..� ��/ ���� 2�-� 2��	B

 (	� .� 6���� 3. �7 � �I� �� n� (	� �-U	r ��F��

 	LO �7 Z	. P� @A. ����Q� ��.�7�� �� RI�� Z	. 2����	:

 .�.� ��  

  

4 - ����� .+�;  
    �/ ���5� 6�� �� �� ��������I (	� 0��Z 0?�. �� �7 8����

 �7 �D�A
�� ;A5� ��B� ;���0� ��:  0�>7 �� i��O �7 ?� ���L
.� �7

 �T�D  ��Q � H	��4
L/� WD
X� 8�� C�� 0	�:���7 �7  � �/ H�,��

� @A. 9� �	���? P�  C��
� .���	: ����5� �I�4-���?� C��
� �7

 ?� 9O�F0?�. ���/ � �� �I� �� 2�-�8�  k-ε������
.�  �>N�

 P� ��?� @A. ���/ 	4�� �4
L/� 0�J��� �7 ��� 0	
J7 a� �7 ��

��?� @A. �>N� ..� ���3� 0?�. ��/ ���7 R��  0� ��F�� ��

=�,���� 2��	B �� �/�7 �� 	�<
��  �I�4-���?� C��
� �71��Q� ����7 

.�.  0?�. ���/ � �I�4-���?� C��
� 6�7 0�AU �O�� E3�Q���

0��Z 	�<
� =�,���� 3�a 0�	7  ��405/0=x % 	7�	76/3  �� �

605/0=x % 	7�	742/6  .�/�7 �� ;A5� �� �AU R��Q �605/0=x  �7

 9��� ����Q� ��������I (	� 9]� �7 ;A5� 6��.�.  0� ��F�� ��

=�>�	. 2��	B �� 	� � .� 	�<
� �7 ��
 � �� S�L�� ��������I (

���  �;�	. � j�7 {��Z� 9���0�J ���� �3� �4
L/�� ���/ �7�U �7 �

I� H�,�� �� 0?�.���F 6�	
J7 �� .��  �� �7�28/0����g 	7 t>��	
� 

 ���5� �7 �7	,� C��
� ?� 0��Z 0?�. ���/ C��
� E3�Q��� y�	]��

70/15 ��F 6�	��7 �� � .� �O���  �7�11/0 ����g 	7 t>��	
�

 �7 ���5� 6��71/31.��.� �I��U Q�� �O��  

  

5- �5 )��� 

x ) 8���� 8�cm(  

y ) ^3Zm(  

V���� ?�  Z	. q (m/s)  

ρ ) ���4rkg/m
3(  

ρ�  ?�  ���4rq )kg/m
3(  

ε f�I� H	B �F�� 	7 �`J
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(m
2
/s

3
)  ω f�I� y`�� ��oX� (1/s) 
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(m
2
/s
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)  μ �������� BQ� )kg/m.s(  

ú+  ���.�� Z	.(m/s)  

μ� ) 0�� BQ�kg/m.s(  

σC (7�g ���5�)�4
L/� 9
��	� ��Z  

σV (7�g ���5�)�4
L/� 9
��	� ��Z  

σW (7�g ���5�)�4
L/� 9
��	� ��Z  

α�  ?�  �3,F 	��q  

α' 9
��	� ��Z ���>� 	�g��  

G'  DZ �7 �-��B 0b	�� �����

 v.�
� Z	. 2����	:

(kg/m.s
3
)  G@  DZ �7 �-��B 0b	�� �����

 0����/(kg/m.s
3
)  

GX'  �-��B 0b	�� �����(kg/m.s
3
)  

ΓZ ) 	g�� RX� t�	Nkg/m.s(  

Γ[ ) 	g�� RX� t�	Nkg/m.s(  

C. 7�g ���5�  

CE 7�g ���5�  

C.C 7�g ���5�  

CEC 7�g ���5�  

CGJ 7�g ���5�  
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