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Abstract 
Pumps are used in reverse direction as hydraulic turbines due to their simple structure but use of a pump as a turbine changes its 
characteristics. In this study reverse operation of a centrifugal pump is numerically investigated so Best Efficiency Point (BEP) and 
performance diagrams are obtained. Splitter blades as a passive flow control were used in many turbo machineries and are suggested in this 
study for pumps as turbines. Governing equations including continuity and momentum equations were employed in time-averaged form due 
to turbulent behavior of flow. Source term of momentum equation was used to consider rotating effect of impeller such as Coriolis 
acceleration and centrifugal force. Proposed numerical method uses k-ω SST turbulent model with standard wall function .To simulate the 
flow in rotating and stationary parts of the turbo machine, Multi Reference Frame (MRF) analysis was employed along with Frozen Rotor 
technique. Results showed that efficiency was improved and BEP tends to occur at higher flow rates in splitter bladed impellers, which 
results in higher energy production. On the other hand cavitation risk is reduced by means of splitter blades. 
Keywords: Radial pump, Pump as turbine, Splitter blades, Numerical solution, Cavitation. 
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	��������� �	�� � 

  �� �2<B �<+\ )iuS( 7��8 [�
8 /�	A C� /�	� � Z������� ���3 �  	3�	3

:�3 -�  

  )3(  	��� �	ρ	�2��� 	� ��� �	��� 	� �	��� 	� ��	�	 	 
   

]�<H� �8	3 `��  /�� ��8:C� -� F���H  

)4(   �ij� � 	"	 #∂	�i���
∂	�j

�	∂	�j���
∂	�i

$ 

      ���6� V:? '�� C� ���J
-� �3 ��B�� �-�-� FU��E��
��A  � 9C�-

�� 7? Zt-  ���L
M� ��0
-� ��\ '�� C� FU��E� 7? 9�	3 .���8

�� ���J
-� ����	� �� 1��	B 7? 9�	3 .��8�  1�>	\ F�L
M� ��0
-� ����

�� ��	I ���J
-� � �3 ������ 	��� ��� C� �� �	�A ���� ����	� �� 1��	B �����	

-� ���/2? �� 1��	B =��- 	��� ��� C� � -���� �� 7�26� �� _��
� .

��0
-� 9�D F�L
M� �
��� ����� X3�� X-�� {2
M�2  a�3	� 	0���� �3

�� �� .���8��? �� ;<� C� 9	��L� ^I�� �� 7�26� =  {2
M� ���� 9�D

 =�3?�� �r��� �� ����	� � ���/2 �D� ]24.[  

     9�	3 ]�� C�-9 �0
J8� C� ]�� k-ω SST ���J
-� ��8 .-� =��  ]�� �3

������ ^3�� ��	<D 9 ,�������3VD � ��  	���� �?��� �� VD � ������ ����/�

                                                                                                                                                

                                                           
2 Frozen Rotor 
3 Automatic Wall Function 

 ����	� 	3 ���<H� ���
+A 1�<�� ���E� ���8 9�D 

 35/14 418896 

 23/14 733641 

 14/14 2113324 

 05/14 4136359 

 04/14 4929108 

64.5	
24	
17	

	

R	1
04.

5
	

	

R	6
0

	
	

R	5
1.6

	
	 R	1
9.2

	 	R	1
0

	



  

  

 

`
��

�
��

3
 

�	
�2

<H
 

;
<�

 
/�

	A
 C� 

/�
	�

 
�3

1
���

H
 

=
�3�

��
 ...

 

14 

[�2P� _��
�9	� �r��� �� �D� ]25 .[�3 F���H 	0�� �� �]�� =�� �?��� 

,��/� ������ X-�� ]�� k-ω �?��� � 	���� C� ������ 	3 9����]�� k-ε     

���8 9C�- �� ���	A �� C� 9���/� 	D �� '��  ���J
-���8 ]26�27.[  

    

2 -4 -  7)(� V�*(	  

      �.�� =�3 � ���3 �/:� ���/2? � ����	� 9�	3 7�26� �
��� ����� X3�� C�

 ���8 ���J
-����8 9�	3 �(� 9C�-� ��?�� �� 9 .-� ��8 {�	E� �/:� 

��?�� 9 7��8 ������ ����	� -� <D �3 �� �� 1� 7>�� �� ��B�� ]��- ��	

]�? �� 1���� 8�3 .���?��  7��8 /�� =��- 9 ����/2?������ 9�D  � 1�

�B�	> �� ������ ��2� .�8�3 /N� 1��3 c�� C� �D �
 	A 	y� �� b�G�� � '

��8 .��� F��G �3 9���� 9C	� a	8  7� ��+  9C	� a	8 � `�� X>

�3� F��G �3 ��2M�  7�8 �� 9C	� X��	8 .-� ��8 {�	E� ��	B 4  

�� `��<���8 �� .���  

  

3 - I��C�  
     �3 ��y�� '�� C� 1���<@� 9��H �3 ��� ��	3 �-��D ��8   �2G� ;<�

�3 [� e�t<� ]�? �� �	���� F��G� ���� �3 � �
 	A ��	I 7�26� ����  9�D

] �3	:�23[� �3 �	���� ]�? �� .-� ����	A ����5� [�  ���� 9C	� X��	8

 7�8 ����<D Q�	> �4 ��H �.�� 76� �� F��J� =�� �3 ���3 ��8 .-� 

 ]��B �� 9C	� X��	8 =��l<D2 .-� ��8 ����� /�� 26� C� Z� 9��H 7�

����E� X-�� 1� �D �;<�  	�C -� ����	A ��-�6�:  

)5(  - � �./  �.01  

�� �� =�� ����E� t1P� t2P Y��	� �37� ��+  `�� �� � `��� ��   .��8�3  

  Q�	M
-� �D ���� �3 9��H 7�26� C� ��8 ] ��B�� �3	:� 9�D23 ]��B �� [

3 ��8 ����� ��� 73�I 43�P� �� �� =�3 ����I �.� ��D�+��  '�� 9�P> .��	A

�P5� b�	@� �� 9��H 9  �3�) ;<� �?�	@55  ����3 (H�- �� YE�� 	
�

�� V� �3� �� ��� �8�3 �3 b	@ ,� C� �	
<� 9�D  �
+� 1��	B `��/ � 7���

 �� ]��- '�	A 7��� �3 	0�� b	@ C� � -� ��+� ]�� 4�56� =�� �� ��

�3��	A ��d? 7��� �3 �� ���� 1��	B �	  9���? �� �� ;<� 7>��  �3 �D

�� �B��� 7�+� <���� ]28[�  �� 9��H '�� 9�P> �
 �� `��/ � 9���?

-�.    

  

  
 L	4- 7)(� V�*(	 3�/�14 WN�; �-  

  

 J2��2- 3�/�14 WN�; �- 7)(� V�*(	  

  

   

    

  

  

  

  

  

  

      7�8 ��5 '�� X-�� 1������ ���5� /��   �3 ;<� 9�	3 9��.�+�� 9��H

3 9��H '�� .-� ��8 ���� 1�+� �2G� ����	��  ����� �
 � �� 9	
+�3 1����

9�	3 ;<� =�<M� �P> ��B� 1� 7��� �� �-� ��C  '�� �� ��8 ���8� 9�D

��H3 �� u��PG� =
 	A 	y� �� W�H � 9`M  ;<� 1�<
>�- {2
M� 9�D

�� 8�3.� ��B� =�� �3 �� 1��� H1���  8��'�� 9��H 9�D 3�  ������� �
 � ���

`�� ���3 1������ F�	��N� ��6G �3 �3� �� ����� ]19 .[  

     ��.�+�� 9��H '�� _��
� �:�-���
H� C� Z� �	�2<H �-�	3 �3 ���8

 ;<��3  1���H �
>��	� =�3���-� ��8.  

  

J2�� 3-  ,�� 7-�. L��!4 I��C�2 �-*-] �/(�4 7�820[ 

 �<:? �3�  

)m3/hr(  

) ;<� �Dm(  

�3	:� 9��H (%) �P> 

68 32/11 52/11 79/1 

60 16/12 15/12 09/0 

55 67/12 46/12 70/1 

50 42/13 73/12 14/5 

40 44/14 19/13 58/8 

30 68/15 32/14 79/8 

15 08/16 82/14 84/7 

  

  
 L	5-  7-�. I��C�2 �-*- 7�8 ] �/(�423 ,�� 0����*� 7*(/ [  

  

     ����	�  ���/2? �3 {�� |	@ 9�3  1���H3��� � �
 	A ��	I 7�26� ���� =�

�P5� �� =��E� 1� 1������ =�	
.3 ��<� .��	A��  �� |	@ =�� 9�	�2<H 9�D

7�8  6 .-� ��8 ���� 1�+�  
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`�� `�� X> 7���+  

`��� ��2M� ��	B �3� 

�D �	� ������ ������ 

����	� ��?�� ������ ������ 

���/2? 9�D ������ =��- ������ 

���/2? ��?��  =��- ������  

(7� ��+ ) `�� 

���������/2? 9�D  

��?�����/2? 9  

(=��-) 

��?������	� 9  

(������) 
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(������ ������) 
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L	 6- ��!�� �/ ��#* ,�� 7-(��. 7�8  3�/�14 0*1�.  

  

      ;<� �� ����G ���3  1���H��8 ���J
-� =�3���� �D � �3� �P5�   =�	
.3

1������ �� `��/ � `�3 �\	D `��/ � .�3��  9e	��  ���� W�.J� �3 �D 	�

`�3 �� ]��- C� 	� ��6�� �-�	3 .�8�3 1������-  9�	3 �3� �{�� |	@ ����	�

��P5  1������ =�	
.3 91
   �� ���3�  68 YE��	
�  ��H�-  �M+��� ���<� .

 9����� 1��� =�3���1�+� ]��- C� �
 ���� �D 	3�	3 �� 1������ 	A ���+�3 �9 
 ���? ��76 %� ���3  	3�	3 =�3��� w�LM� H	- �P5� =�� ��52/0 

�� .�8�3  

      1��<� �M+� 1���� 9��H '�� 9���/� C� ��� �� 1��	B F��r/B

�� =�3��� .�8�3  � ���<� �	? ���/2? �� ��
3� =�3��� �3 9���� 1��	B

�� ���� ����	� �3 Zt-  .��	A 7�8 ��7  � ���/2? �� ]��- �D 	��N� 1�/��

�3 ����	� .-� ��8 ���� `��<� � ��-�6� �/:� ��@  1���H �3 ;<� ��

 =�3��� �D 	��N� �� ��8 ��-�6�� � ���/2? ����	 �J���� 3 =�� �� ��� �8�

 42P� ��I �7�8 	A ��	I 	y� �� �D 	��N� C� 9���H �3� `��/ � �3 .-� �


=�3���  R�� 1�/��� F �D � ���/2? ��.-� �
 �� `��/ � ����	� �� �D ]�5
�� 

 ��3� `��/ � �3 ����	� �� �D `��/ �^�	- Y��	� �3 ? �� �D bR�� C� 	� ���/2

 ��6�� 7��� =�<D �3 � ���
 � f�J����> �P> ��? C� �3� �3 ����	� �D Q

 ]��B �� .-� ��84  � 7� �D �3 ����	� �D �7� �D �3 ���/2? �D ���

 .-� ��8 ���� 1�+� ����	� �D �3 ���/2? �D  

  
L	 7- ��!��  ��#* ,�� 7-(��. 7�8�/  0*1�. 3�/�14  

                                                                                                                             

                                                           
1 BEP (Best Efficiency Point) 

  
L	 8-  �- �8 (��\4; ��#* ,�� 7*(/ ��*2(� 2 ��2���/  0*1�. 3�/�14  

  

J2�� 4- �8 WB]� W�]9  ,�� M�CF� 7�8�/  0*1�./ 3�/�14��*2(� �  ��#*  

�3� )m3/hr(  
 ����D  ���/2? 

 �3  �D 7� (%)  

 ����D  ����	�  

�3  �D 7� (%)  

 ����D  ���/2? 

 �3  �D ����	� (%)  

55  63/2  36/97  71/2  

60  64/6  36/93  11/7  

67  38/6  63/93  82/6  

5/72  83/6  17/93  33/7  

6/81  42/7  58/92  02/8  

7/90  13/8  85/91  85/8  

8/99  49/8  50/91  28/9  

8/108  66/8  34/91  48/9  

  

      9�	3 ���/2? ����� ^P5� �� ��+  ^�C��3  7�8 �� {2
M� �3�8  1�+�

 ��8 ����.-� >����� ���/2? �� ��+  ^�C�� �9���H �3� `��/ � �3  	�

�� ��D�+� 9	
+�3 ��+   � ��� ��8 .��8  �� ���/2? V.- ��3� `��/ � �3

 H	- W�� 1��� �3 ����PG� F� R�� �8� �1� 7��� �� �
 �� `��/ � �D  �

�� ]��- .�8�3  

      7�8 ��9 ���	3 /�� ����	� 9�	3 �	� �3 �	� 9�d  �� H	- 9�D   {�� |	@

�3� ��  7�8 �3 	���
� 9�D8��8 ���� 1�+� �   .��� C� 9���H �3� `��/ � �3

��/3 � ����	� �� 1�8 	��J�  �3� ���D�  ���	3 �H	-  	0��+� H	- 9�D

>����� ^�C�� ]��- 	� ��  =�36  �	��� .�8�3  

     �	� ��D �����	� �3 ]��- ���D 9�	3 ���/2? ��   �A��- � ��+� YL� 9�

 �3 ����	� �3 ���� �� 1��	B /�� 7��� =�<D �3 �-� �
8�� �� �� �� >�-

�	� �3��	A � ����� p�D�<D �D �� ��D�+� ����	� `�� 76� �� ���D  .��8

�3��	A F�	S� `D�� 9�	3 �3 �D ����	� 9���� �� w�L> �3 ��  W�H 7���

]��- ���D �� �-� ���/2? ���J
-� C� �	� 9�D �������B ��.�+�� ��8 .-�  
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L	 9-�- ��G^ �1C��'14 ��2��;�/ 3�/� ��*2(�  MN* O(P �/- �-  7�8 M�CF�  

  

     	�ST� �	�  1������ 	3 �������B 9�D ;<��3  1���H 7�8 �� =�3���10 

1�+� ����  ��8.-� �� ���+�3 1������ 76� 	��N� ��6�� =�� �<D� .�8�3 

�	� 1��/ � �3 �P5� �3� ��������B 9�D  -� �
 �� `��/ � 1������ =�	
.3 9

���J
-� 1���� W�.J� �3 ��   �� 	
+�3 ~	� �3 9e	�� C� ���.3 9 .�8�3   

   =�� �� Y�	v 7�8 �3�  �3���J
-� C� E����� 9 )6( =��E� ��8 ] -�30[:  

)6(  
 

 �P3�� =�� �� ��U2  �A H	- Y��	� �3� ����	� ���	�3 	PI �� �-�<�  

�� 1��	B ���� 76� �� ����	� ?��� 8�3�.�  

     1�<D  7�8 C� �� ��@10 �� 	3 �	� 1��/ � �3 ���  �� �������B 9�D

�3� 9�D �3 �	
<� ,\�� 7��� 1��3 ���J�  �3�  ���D�   H	-	�ST� 	�  �  9�D

 =�3 	
+�3 u��PG� 7��� �3 � ����� �B�� 73�I 1��	B ��6L� 	3 �������B

 .-� ��.+� 1������  � (����	� � ]��- ��<� �P- `��/ �) ����	� � ]��-

�3� `��/ � �3� �	� C� ���J
-� �3 1������ .-� �
 �� `��/ � �������B 9�D 

�	� �� [ |	@ ����	� �3 1������ `��/ � �������B 9�D ����� 9  ���� 9	�

�� � ��<� �P- 1��3 	
<� 1� 7��� �� -� 	
+�3 ��� ��������D F� R

����	� �3  �� Q |	@  .�8�3  

  
L	 10 - �*-(/ �- W.(� 7�8 �(� 7�_^  ��*2(� 7*(/ �(� �/  MN* O(P  

 �/- �- M�CF� 7�8  

  
L	 11- 0����*� ��!��- `�(a ��*2(� �/ 7*(/ �/- M�CF� 7�8  

  

     �P5� �� �3� =��l<D � �
 �� `��/ � ���+�3 1������ ���5� [ |	@ ��  

`�3 /�� ���+�3 1������  Q |	@ �3 ��� .-� 	� 	��N� ���+�3 1������ ���5�

�<� 1�+� �� �����\ ���? �� �D� `��/ � �P5� =�� �3 a�3	� �3� ��  �
 ��

 .-�  

 7�811 ����	� �D Y�	v �� 1�+� �3� Y�	v 	3�	3 �� �� �D �D�  �� Y�	v

����E� X-�� �D ) 97�� =��E� ( ] ��	A30[:   

)7(  ψ = 2
2

2gH
U  

     ����	�  �	� 9���� 9�D �3� �� �������B 9�D  � 	L� �D =���� 9�D

`�3  �� 9	��� 1�+�  `��/ � �3 ��� ���D� ��3��	� 9�	3 =�3��� �D  |	@ 9�D

[ � Q `D�� �� .�3�� �-�	3  1��/<D7�8  9�D10  �11  `��/ � 	0��+�

1������ � `D�� �	� �3 =�3��� �D �� �������B 9�D �� �(� ��8�3 �
� 1����:  

�	� ,<� �3 ����	� �2>�� F� R��  	A .-� �
 �� `D�� �������B 9�D   

2

Q

U A
ϕ =

66

68

70

72

74

76

78

80

0.06 0.08 0.1 0.12 0.14 0.16 0.18

 1
��

��
��

(%
)

φ

{�� |	@
[ |	@
Q |	@

Q=99.8 m3/hr 
Q=81.6 m3/hr Q=60 m3/hr 

Q=99.8 m3/hr 

Q=81.6 m3/hr 

Q=60 m3/hr 

 

 
1.93×102 

1.63×102 

1.32×102 

1.02×102 

7.10×101 

4.15×101 

[kPa] 

 

 

 

1.85×102 

1.43×102 

1.02×102 

6.03×101 

1.87×101 

-2.28×101 

[kPa] 

 

 

 

1.77×102 

1.20×102 

6.24×101 

4.85×101 

-5.27×101 

-1.10×102 

[kPa] 
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L	 12-  �8 `�(a ��!��- �/ ,�� 7*(/ �/- `�(a 3�/�14 0*1�.  
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