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Clear Water Scour around at a Piano Key Side 
Weir of the Type A at 120° Section of a 180° 
Curved Channel  
 
A side weir is a hydraulic control structure used in irrigation and 
drainage systems and combined sewer systems. The Piano Key 
Weir (PKW) is a new type of long crest weirs that have a 
relatively simple structure and high economic efficiency 
structures. Due to the advantages of this weirs, it is necessary to 
study and investigate the Scour around of these structures as a 
side-weir. The present study focuses on investigate the scouring 
around the piano key Side weirs of the Type A at a 30° Section of a 
180° Alluvial curved channel for clear water conditions. The 
results showed that at the end of the Side weir, longitudinal bar in 
the middle of the main channel and a scour hole close to the outer 
bank are formed because of the changes in shear stress field. The 
depth of clear-water scour increases by time and approaches the 
equilibrium state asymptotically depending on approach flow 
velocity. The equilibrium depth of scour depends on the 
dimensionless parameters of flow intensity, flow shallowness, weir 
crest height, side weir length and the maximum value of scour 
depth occurs at a depth when the approach flow intensity is equal 
to 1.0. Also, the scour equilibrium depth in the dimensionless ratio 
increased L/rc= 0.175 compared to L/rc= 0.125 in different flow 
velocity of 12 to 35%, 10 to 39% and 18 to 26%, respectively. 
 
Keywords:   Scour, Side Weir, Piano Key Side Weir, clear water, 
Curved Channel.    
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B��� �2 ���/ K�
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�� �����/���� K� �3����+ �2�I  ]�� c�> �� ��\��MB��� ��� �� *+ c�> �� ����M @-� -I�
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�2�� ��5�� ���� �� �8A��/ ����D 7 �2 �Y8O��/
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 �� �3����+ �2�I  ]�� H8.q�� � .	�� �3����+

 B��� �5J � *+ c�> �� 	\�� ����M 	��� ��BP�

 �\��M�/ ��BP���- ]11[.  

q_�0+�  5Y^�� �H�+ KI:�O/ �2 	8IG5/ ��

*+ l��� �2 �� �3����+ �\��M B��� �5t? �2 � �h�
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q_�0+�  5Y^�� �� l\ �/ ����� 7 �2 ����9�� �
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�/ ��BP� �O
 @�5Z K� ���M 	��� �vD�-? � -��
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H8�� �2 �
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 �� �5��8�-8YD B��� 	�2 H8�� �3����+

KA���~ K�-.� .	P�0 ���G ����� 2�5/ �Y8O��/ � ��

 ]�� 2�2 ���� E��� c�> �� � ��2 K� �3����+ ��>?

K���/ l��� �2 � 2��2 �3��� B��� �3����+ ]�� �

H8��KA���~ �-/ �� ���8� �Y8O��/ �-/ 	�2�/ ��-

-��� ]15[.  � �5��8�-8YD B��� 	�2h�� ����P

 ����� 2�5/ *5�� ��0�W0 ��5.I� B��� H� �� �2�>���

� 	P�0 ���G K:2�I/ ��AA4/ ���� �� @��5�� �5\� 	8P�=

-�2�D K���� �5��8�-8YD B��� ��� �� ]16[.   

  
 d9�1 - �5��8�-8YD B��� c�5��]17[.  
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 c�5�� ���� K8YC  r�f � ���M @�8Z5i
 ��� �� �YD
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 ��� �� ��D ��8�� @�I:�O/�3����+  ���B��� `��J�

 ��5G ����D �2 �O
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 .	�8� �P�D K.8/� H� �2 @�I:�O/����� K��W0 ���

 ��� �� � �I:�O/ KD 	�� H� -5/�3����+  `��J�

 ����D �2 �5��8�-8YD c5� �� �!M� -._ �\��M ���B���

����P ��5G �W�j�X��  ��� �2 �P�J �� .	�� �-��-

 ���B��� �2���0 2����D ��8
� ���YD8-�85�� ���� �

 *+ `��4�� � ��83�+�82�!.� �-� -�� .���28KX  `-�

 ����� ]8A4  H� �YZ��3����+  �\��M B��� `��J�

YD8-�85�� c5� �A  K��� �2120 ���D 7 �2 KM�2 �

����P ���� �� ����� d9� ��5G *+ l��� �2 � �W�

 �h�	��.  

2- &#� # '"(
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 ]8A4  H� ���3��/�+ @�I:�O/ ��J 7 K/�2� �2

 �\��M B��� `��J� �3����+ ����� ���� �z/�M

 	=�>? �-9����� 78:��-8� ��3��/�+ �2 �5��8�-8YD
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2 -1- *+� ,"�-" �.�/��0��0 �)  
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�/ }�> � ���/� H� � -.��� 	D�? K����+ �2 KD -�P�

 ���M l�5�/ 	���)V(  K����+ ����4� 	��� �� ���D

@��~ 	D�? )Vc(  -���)V<Vc ( KD ��:�? ���� �

)V>Vc( �/ 	D�? K� c��� @��5�� -��� � -..D

�/ }�> � <�4�/ ���� l��� ]�� H���8� .-�P�

 �2 �3����+V=Vc �/ }�> �-�P� ]28[ .*+ l��� �2 -

 �\�A  	
�5.9 @��5�� �2 �If5/ �3����+ ]�� ��h�

�/ ��BP� �O
 @�5i� �<�4�/ ���� 	:�? �2 � -��

���2 @�5Z K� �3����+ ]�� � 2��2 ���5� ��/� �� ��

 -��� .2��2 �3��� ���� j�P 	D�? K� �+ �2�I  ��-A/

*+ 	:�? �2 �If5/ �3����+ .	�� K����� ��/� K� �h�

3��� �2�I  ��/�� Y��G K�8	 ���P� �M��  	/��A/ �

.2��2 ���� 2�5/ 	D�? ����� �2  �2 �3����+ �2�I  ]��

*+ l����/ � 2��2 ��D @��88n  ��/� 	�W0 �� �h�-

 �3����+ ��>? �2�I  ���� �� ��h5J ���/� @-/ -��5 

 2�83�]12[.  
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 d9�3 - Z5 8� /5!>/�  KI�5 3����+� ��� ��/� �2� 

���l  *+�h� �� l
)�- l
) �-�� ���� � (-��/(]30[.  

 	/�Cf �� @��5�� ]8A4  H� �215 ����� � ��/

 ���� 2�5/ @��~ ���8/ ���-�� H83��8/)d50( �6/0 �Y8/-

�/ ��/K��2 �.4./ ]��O/ � -��� d9� �2 �-� K���� �-.�

4 G ����D �D �2 ��/�+ �� �� d\G � -� �2�2 ���

K� @�5Z .	�� �-2�0 `�Z � H!� 	
�5.9  H� �2

 ����� �Y�P��� 7 l�5  ���� �D d8P���

 K� 72B� 	G2 �� ��8J�.n/���9:�1/0 �Y8/���-�� ��/-

 ��!��� �2 �3����+ K:�_ ]�� H8.q�� .-� ��80

H8��/ K� 72B� � �YZ� ����D �2 �\��M B��� 	�2 BD�

���-�� o59I/ ���M K8?��.-� ��80  

�/�+� �� ���M l��� �2 ]8A4  H� �

����4��	��� .	�� �-2�0 j�X�� �  ���� ����4�)(Uc 

��25�� �� �2�>��� �� K�5�X/ �� � �-Y8���/�+ �� �� ��

�/ H88I ) K:2�I/ ]\J � 25�2�/ H88I  (25� ]29[:  

)2(  1

50

5.75log 5.53C

C

V h

U d

 
=  

   

) K:2�I/ �22( h1  �2 �\��MB��� 	�2h�� �2 *+ ]��

�/ �YZ� j5YP�2�D HB3�M �� �-��� ��-A/ d50 ��-A/ � 

)(Uc *5�� ���8/ ���-�� H� ���� �-� K\��4/ K:2�I/ � 

)3 (�/ 	�-�-+:  

)3(  10.1556log(9217 )CV h=  

ri� �� 1�  ��8� 2�5/ @�B8!X  � ��B��� K8YD

j5YP �2 ��/�+�  	�2h�� �2 *+ �k�� �2�D H��� ��

)Q1 �BC/ 7 	�� K� (j��+ �-..D  	�-�/� 25�  �

 @�4>Z �� 2��� H8� �� ���M �3�>�+ K9.� ����

j��+ �-..D  j5YP ��-��� �2 ���M�2�>���  �-�  �2 .	��

�/ ��� ����D �2 H8�� ��2 �� *+ ��/�+ �� ��-��� 22�0

 �� ��5�� �8� � 22�3� ���� 2�5/ �-� K��� u��� KD

 K� 	�2h����8H 	�2 � l��� � -.9� �-8� ��A����X�j 

 �h� *+ 	:�? �2 ��/�+	�2 K�  l�5  *+ ]�� .-+

Kq�2�/ ���.D 2��2 ���G j5YP ��!��� �2 KD �� .-�  

  
 d9�4 - K��2 �.4./ @��5�� �-.��2�>���2�5/  �2 H����3��/�+ KI:�O/  

2 -2- �1(��2���� 31��� 456�
   d9�5  �78 ���@�iC�/ � �����M  B���

 �\��MYD8-�85�� k8  �A  �����/���� @��88n  �2�-4/ �
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���� �� ��/�+ �/�2. �d9� H� �2 .-P  �B��� c�> ��

Pd �B��� K�� c�> �� Wi ��2��� -8YD b�� Wo  b��

 ��M��
 -8YDL  B��� �5J	�� . � ��-.� @�iC�/

 ]8A4  H� �2 ��/�+ 2�5/ �����/���� @��88n  �2�-4/

 ��-M �22  .	�� �-� K���� ��-M �22 �Le J g�  �5

 ��5��8�-8YD B��� �a5/rc ��5G ����D c�I�  �hd  ]��

 �3����+ �2�I �/���.  .-  

  
(�:�)  

  

(*)  

 d9�5 -  (�:�) B��� 78 ��� (*) � �5��8�-8YD B���]8A4  H� �2 �-� �2�>���  

 ��-M2-  k8  �5��8�-8YD �\��M B��� ��-.� @�iC�/A  2�5/ �����/���� @��88n  �2�-4/ ���/�+  

  

2 -3 ���� 31��� �#� �� �1�� ��8�  

 NO� d8P��� `��4�� ���� �98/�.2 �YD K:2�I/

) ��_ l�5  	��a ����� b�P �� *+1959 � -� K���� (

����D ���� �-I� � <�9OZ� ��-� ��AP� ��Y8O��/ ���

 KO��� ]\J ��5�./4  -� �[Z�]12[:  

hd Le  Wi=Wo  L/rc  b/p  Vc  V  (h1-p)/h1  h1  Pd  L  Pi  
(cm) (cm) (cm)   (m/s) (m/s)  (cm) (cm) (cm) (cm) 

4.25-8.76 175  8.45  0.175  3.33  0.33-0.35  0.2-0.33  0.28-0.4  21-25 0  35  15  
3.61-6.99 175  8.45  0.175  2.77  0.34-0.35  0.21-0.33  0.29-0.38  25-29  3  35  15 
2.35-6.12 175  8.45  0.175  2.5  0.34-0.36  0.22-0.34  0.31-0.39  29-33  5  35  15  
3.42-6.49 125  6.05  0.125  5  0.32-0.34  0.2-0.32  0.37-0.54  16-22  0  25  10  
3.16-4.9 125  6.05  0.125  3.84  0.33-0.35  0.21-0.33  0.4-0.49  22-26  3  25  10  
1.54-4.62 125  6.05  0.125  3.33  0.34-0.35  0.21-0.33  0.42-0.49  26-29  5  25  10  
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)4(  
2 3 2

( )
dQ

Qydy dx
dx gb y Q

−
=

−
 

 K:2�I/ �24 �dy/dx n 88@�� �*�+ NO� ��� Q �2�  �2

� ����D �5J -?��b  b�� �YZ� ����D� g ����0 *���� 

y  �zOA/ �� �2 ���M ]��S  B��� c��� �� KYZ�P

  � �\��MdQ/dx  �5J -?�� �� �� ��5\� ��2 @��88n 

	�� �\��M B���  d9�)6( .  

  
 d9�6- �� ���M l��� �2 �Y8O��/ �\��M B��� ��� �� ���M 78 �������4�  

���� d9� �2 KD �5J6 �/ �-���/ NO� �25�

 B��� 	�2h�� ��!��� �2 *+ ��!��� 	�� K� �\��M

H8���/ ��BP� �YZ� ����D �2 	�2 K:2�I/ �� H� � -��

4  	A��O/ �YZ� ����D �2 ����4��� ���M l��� ����

2��2-.��/ ���AA4/ . ]25�24  �31[   *�+ NO� �D 	P� K�

 ����� �\��M ���M �8a�  d8:2 K� 	�2h�� ��!��� �2

-�2�D K� 	��� K� *+ NO� 1p� � H8�� ��!��� 	��

�/ ��BP� �\��MB��� 	�2 g�  l�� �2�-4/ �2 � -��

KL?[/ d��G @�5i� *+ NO� ��BP� {�� B��� ��

�/ ���D g�  �h�� ��!��� j5� 7 �2 *+ NO� .-��

 KD ��M �  	�� �D-�� @��88n  ����2 �\��M B���

 �� *+ NO� ���  ���P� H� .	�� �AP� @�5i� *+ NO�

 72B� �\��M ���M �� ���� K5��a ���M �a� K� KM5 

H8�� ��!���d��G �\��M B��� 	�2  � 	�� K8M5 

A��O/��AA4/ H8�� ���? H� �� .2��2 	  KAO./ 7

H8�� ��!��� �2 o59I/ ���M � �����-M 	�2���B 

\��M�� ���M ���� � H� .-�2�D �-���/ �� ����4�

 � �����-M KAO./ d4/ � ���-�� KD -�2�D �D~ ��AA4/

 	�2h�� 2��P 2-� K� o59I/ ���M���B \��M � �

.2��2 �3��� �\��M B��� �5J   � �����-M KAO./

 	�� K� ��BP� 2��P 2-� ��BP� �� o59I/ ���M

H8���/ 	D�? 	�2 -.D]12[ .  

2 -4 - �� �)��
"�2���  

 ]�� �2�I�� B8:��+ B��� �2 �3����+ �2�I 

 K:2�I/ ]�J �� o5G �2 ���M l���  ���� �\��M5 

�/ H88I :25�  

)5(  ( )11

1

, , ,
 − 

=  
 

d

c

h ph v b L

p v h p rc
 

 K:2�I/ �25 �/h1)h1-p( �� 	\�� ��� �� *+ ]�� -I�

 ��\��M B���b/p �� 	\��  �B��� g�  c�> �� -I�L/rc 

�� 	\�� � �B��� �5J -I�v/vc �� 	\�� 	��� -I�

�/ ���M.-���  
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3 - :1�� ����� # ;��  

���� �	�� �-� K�
�.� KD �5O���� ��83�+ ���

K��
2�� �2 o5G j�2 K�8� �2 �YD @�5i� ��5G ���

�/ �����M��/�+ �H����.� .-�5� ����� ���� ��

 k8  �5��8�-8YD �\��M B��� `��J� �3����+A  �2

 K���120 .-� j�X�� KM�2  

3 -1- 0 <�= ���(> �/1�
 4�? �' �
+ � �.�/��

�1�� @��6
 �)  

��/�+ �� �3����+ ]�� KI�5  H88I  ���� ��

���M @-� �2 ��/� ��/�+ �� .-� j�X�� �Y�C/ ���

 @-/ K�10 K:�_ @��88n  KD ���/� �  	���  �3����+

 ��25�� .-� j�X�� �-��� �>Z K� �\�A  d9�7  KI�5 

��+ ]�����B��� ���� �3��  k8  �5��8�-8YD �\��M

A  K��� �2120  ���M 	��� � ��/� �5J �2 �� KM�2

�� ��/���� � j5� ��/���� ��5.� K� -I�b/p  �2�A/ �25/2 �

33/3  �77/2  KD ��G�175/0 L/rc= �/ ���� �� �	��-

.-.�2 �����/ �-���/ KD �5J 25� �250 G28KA  ����

���BP� d��  	�� 2�� �3����+ ]�� �2 ..I�  ]��

3����+� �BP� 	��� K� ��/� 	�W0 �� �-��� �2� /� 

-����  .d BP+�-. 3����+ ]�� �2�  �� 1�200 G28KA 

�/ �-8� ���D-.D�!� �2 .�	 �M @-� K� K������ 

3����+ ]��� �h� *+ 3����+ �2�I  ]�� K�� )hd( �

 @�5Z K��\�A  2B� ��/� ��7 /� 25�.  @-� K_ ��

 ���8� B8� �2�I  ]�� K� �-8�� ��/� -��� ���8� ���M

�� 	\��  �2 .	�� B��� �5J -I�175/0L/rc=، �8�-

 	\�� �2 �3����+ ]�� H� 33/3 b/p=  	\�� �2 �

5/2 b/p=  �D 	�� �.I/ H� K� KD 2��2 �� ��-A/ H� 

�� 	\�� � ���M 	��� K� �3����+ ]�� �� -I� c�>

c�> �� �2 .2��2 �3��� B��� g�  -I� �� 	\�� � h�� ���

 ��BP� �\��MB��� 	�� K� ���M ��./5/ �B��� g� 

�5G u��� � K�P� B��� ��!��� �2 K5��a ���M �-� � 

�/ �YZ� ����D �2 �\��M ��BP� �+ KX8�� KD �22�0

�/ �3����+ ]��.-���  

    
(�:�)  (*)  

  
(�)  

 d9�7 -  KI�5 hd  �2 ��/� ��v/vc  ���� �Y�C/ ���(�:�) b/p=3.33 , L/rc=0.175� (*) b/p=2.77 , L/rc=0.175 (�) � 

b/p=2.5 , L/rc=0.175  
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��25�� ��� d9� 8  �9  �3����+ ]�� KI�5 

���B��� ����  k8  �5��8�-8YD �\��MA  K��� �2120 

 ��/���� ��5.� K� ���M 	��� � ��/� �5J �2 �� KM�2

�� ��/���� � j5� 	\�� -I�b/p  �2�A/ �25 �84/3  �

33/3  KD ��G�125/0L/rc= �/�/ ���� �� �-��� .-.�2

�����/ �-���/ KD �5J �� �-��� �2 �3����+ ]�� 25�

 	�W050 KA8G2 �/ �-8� ��BP� 	��� K�-.D �  1p�

�\�A  @�5i�  H8�150  � 200  K� �3��� KD KA8G2

2��2 ���M @-� �/ ����a ��-A/ K� �.I/ H-� H� .-��

�/.	�� �-8�� �2�I  K� �3����+ ]�� KD -���  �����

�2�2 2�2 ���� ��50  �3����+ �2�I  ]�� -Z�2���� 

�� ��/���� 	\�� -I�b/p  �2�A/ �25 �84/3  �33/3   K�

r8 �  5/12 �5/14  �10  	�-� �2�I  ��/� �� -Z�2

�/.-+  H8.q����25��  d9�8 �/ ����2 7 �2 -�

�� �5J ]�� H���8� �\��M B��� ���9 -I�

	\�� �2 �3����+ ��B��� g�  c�> �� -I� ���D  	�-�

�/.-+ H8.q�� �3����+ �2�I  ]�� 	\�� �2 �� -I�

175/0L/rc= �� K��A/ �2 125/0L/rc=  @-� �2

���M r8 �  K� @��>�/ ���12  � 35  �-Z�210  � 39 

 � -Z�218  � 26 	�� K�P� ��BP� -Z�2.  

  
(�:�)  (*)  

 d9�8 -  KI�5 hd  �2 ��/� ��v/vc  ���� �Y�C/ ���(A b/p=5 , L/rc=0.125  (B b/p=3.84 , L/rc=0.125    

@��>   ��25��7 -�:�  ��25�� ��9 �� 	\�� �2 -I�

�/ B��� �5J �����25�� �2 .-���7-�:�  �9  c�> ��

�/ 	��a ��/���� B��� .	�� @��>�/ B��� �5J � -���

�����/ �-���/ KD �5J �� 	��a c�> �� 7 �2 25�

 �5J ��BP��/ �-8� ��BP� B8� �3����+ �B��� � �-.D

 B��� ���8� �5J �2 K5��a ���M ��BP� �� ���� H�

 B��� `��J� �2 ���8� �3����+ r\� KD 	�� �\��M

�/ �\��M .25�  

  
 d9�9 -  KI�5 hd  �2 ��/� ��v/vc  ���� �Y�C/ ���b/p=3.33 , L/rc=0.125  

2 -3-  �#� A0 <�= � �.�/��0 B'�> <�= ���(>

�1(��2���� �	�#�CD 31���  

�� ��/���� @��88n  ���� �3������ �2�I  ]�� -I�

 k8  �5��8�-8YD �\��M B���A  ��� *+ ]�� d��A/ �2
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 �\��M B���/h1)h1-p( 	\�� �2�� ��� -I�

33/3b/p=  �5/2b/p=   �77/2b/p= �� 	\�� � -I�

175/0L/rc=  ��25�� �210 -�:�  .	�� �-� �2�2 ����

 ��25�� �2 H8.q��10-*  ��/���� @��88n hd/p  �2

 d��A//h1)h1-p( 	\�� ���� ���33/3b/p= �

84/3b/p=  �5b/p=  �125/0L/rc=  .	�� �-� K����

���� ��25�� �� KD �5J10 �/ �-2 �5f� K� ]�� 25�

 �3����+ �2�I )hd/p،(  B��� ��� *+ ]�� ��BP� ��

/h1)h1-p( �/ ��BP����� .-���/ �-���/ KD �5J-

	\�� �2 25��� ���  -I�175/0L/rc=  �125/0L/rc= 

�8� �r8 �  K� 	\�� ���� �3����+ ]�� ��BP� H� 

�� -I�33/3b/p=  �5b/p= �/ ���M K5��a F2�0 .-���

 �2H8�� ��/ ��.D �5YM �2 �3����+ u��� �B��� 	�2

B��� �/ �\��M c�> �� K� K5��a F2�0 H� @-� .25�

B��� B��� c�> �� ��BP� �� � 	�� K����� �\��M  �\��M

�/ ���D-��.  

    
(�:�)  (*)  

 d9�10 - hd/p   ����� �2/h1)h1-p(  �2 =120°α   ����(A L/rc=0.175    �(B L/rc=0.175  

3 -3- �.�/��0 *�EF G�H(
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