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��  	4� 	:� 5��� � ���F�� 5��	; M	-  ��8 �4 �-�	4 T��; �4	/���, 

.-�  5� �� �� -� �07�U� 9�
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� 9�4 X4�F
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Abstract 
 DBD plasma actuators are one of the effective devices for active flow control, which has received substantial attention during the 
last decade. In this paper, to find the optimum performance of plasma actuators, the effect of geometrical variables (including the 
gap between electrodes, dielectric thickness, and covered electrode width) and electrical variables (including voltage and frequency) 
on induced flow velocity and power consumption, is experimentally investigated. This is the first investigation in which design of 
experiment (DOE) approach is used to find the interaction among variables. The results show that each of the mentioned variables 
has a different effect on the start of uniform plasma discharge, induced flow velocity, power consumption, and the start of the 
filamentary plasma discharge regime. Furthermore, the results show that unlike the uniform discharge regime, in filamentary 
discharge regime increasing power consumption results in decreased induced flow velocity. The results of this investigation can be 
used to select the optimum actuator in which the ratio of induced flow velocity to power consumption is maximum, and to prevent 
from entering the filamentary discharge regime. 
Keywords: DBD Plasma actuator, Induced velocity, Power consumption, Design of experiments. 
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 � ����� �	4��� �>�:< �4 j��	, .�	4 jF A�k� .�	4 	��P� �4 ��M 
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?�� A�=  .�7 ������ ; @� ���Y
-� �Ei- '�� �� � �M��:� .�7 �
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�  X���� �G-H� �4��	�� Rp- 5� ��  .�
-�� �� ��	
��� ���,��

�4�
,�7 �� .��� �����4 d��q  ���4�
, .�k�< d��q �4 �	V 9�V ��

��7 4 � ��	� ���<	4 A�F
�� eM� ^�
����a�	8� .��7 �4 �� ���	B.  �4

�� ���� a�	8� .��7 �4 �G/V .�	�� 2� �	3�� d���M  9�� �� ��,

 �� ���Y
-� ���� ^`����� �	�� -� 5��	; A�=  A	
��]2[. 

 
E�� 1-  �'���3� 2%�� �' �F��� -���DBD 

  

�=iC 9
,��� . D	E
� ����4 !-�� 5��@ �]�4 5���G8� �L4�C �

� 	:� 5��� ������ 9����� m:� �B��- � 5@�  �LG; @� 9���� ����4

�BU�� .-� D	E� 9�� .�7  

�
-� 2� �� d�F�FE� ��L� .��4 ��, ^�/�� ����@ ��  D	E� .

�� �� ���G-H�  �� .�	� _��F� 'Q4 �� �4 5���'7�U�  .�7�
-� . 

A��� D	E� �	4��� �� ���G-H� .�7  5��	; A	
�� ��	C �-�	4 ����

�� �	�B. D	E�  ������ ���G-H� .�7 .]�4�� ��<  5�4	; A	
�� ��

M	- �� ��7 5�`�� �4 ���7  m/s 30 ���V �� ����� �<	4 �� � �m/s 

110 ���� 5�0� �	
0�4 �  .���D	E� 9�� ������  �� �7 @� .	�k� ���=�

���������	�� a�	=� .�7�	4���  �-�	4��, -�  �� 9�� @� 5���

�� �4 5��� 8� .��7 5��	;�EY> ����L�- 2� a�	  � a�> . ��

 �X�� 	�� �4 9��cG7 �;  � ��@� .�7��] .�	� ���,� �8H
<� .�7  ��

'7�U�  .�7 �
-�^��� D	E� ���	
��� � �-��7 d�:Q0�  .�7

g �� ���G-H� ��7 5��	; b���� ��	C �-�	4 ���� .�	�B  9�� Z��
�

'Q4  .�	4���14  	
14 <��, � .@�-D	E�  5�	4 ]�4 9��cG7 � �7

����5� ��  �� �75��	; A	
�� .��	N -� ]3[ d��> d�F�FE� 	k�� .

 ���=� jF  � -� A�� �
-� �4 s�4	� �
 	B�=.���  �4 9�FFE� @�

�
<��	� ��7 5��	; b��g �� ���F�� ���� ��4 �-�	4 ] ���4� 5  �6.[  

a�7 '7�U� �7�
-� . . ^��  5���� s�i< '���� 	��P�

 5����	B � ���	
���5� ���B �4  �� -� .� 5�� ���=� ���3l ]��

 ����O � �4�� '��` � �G-H� �� ��;��5��  �7 9�G� M	- 9�	�]�4 �4

�4�
,�7  .�k�< .��7 �4 �� 9�G� ^�
���� 9�	
0�4 �/�
� �� � ���,

���� XF
�� a�	8�.  9�� a��7� 	3�� @�'7�U�  5��� �� -� 9�� �7

 .�k�< .��7 ������� 5��� �4 -� 9�G� �� �/�� �� .���� ���	
���

 .��, X���� a�	8� '���	B Xk� ��� H�� ���4 ��W�� 9�� .�	4

.�  ���, ���G� 2�	
���]4[9�� 	4 ��HM .  T;�	� �� �� ��i��G7]4  �

7[ �-� ��, ���� w�N�� �� ���3�7  X�, [4�i�2� ��LQ�  �G-H� .

�B� ��V �4 <����� ��V @� �� X���� .� ��,�  '��` � �4 	
0�4

 �� 	:� 5��� 9�3������ '7�� ���F�� 5��	; M	-  9��	4��4 .�4��

�B� _�S� �4 ���� @� �,�� d� H�� @� ���4 .�1 .��, .	�B�L; `��  

  � 	:� 5��� � ���F�� 5��	; M	- 5�`�� 	4 	O�� .�7	�P
� ��

�� :�	� _��F� 	�@ �
-� ��1l �4 5���  

                                                           
1 filamentary regime 
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• ����� �-��7 .�7	�P
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• �-�	4 9��  �7 �4 ��7� �� X��M 2� 5��@ 	72 ���� -�4  .���
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4� ���G�  ���F� 2� �7	�P
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�� �
 	B 	W� � ��, 2� 	O� �-�	4 .�	4 	�P
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 	3�X4�F
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�� 5���� �,�4.  	���F� .�@� �4 -� 9�G� A�k� .�	4

 ��	B M	- '��` � eM�4 A�� 	�P
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��
<��	�  -� ��,  ��� �1�� 
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2 one-factor-at-a-time approach 
3 interaction 
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• �-�	4 9�� �� ��LQ� <����� _�S� jF  �7  ���� �G-H� .

�B� _�S� � -� �
 	B ��	C �-�	4  .���LQ�  �-�	4 �G-H� .

.-� ��0�  

	N�V '7�U� �� ���G� dH�0� ]�4 4 .-� ��, a	8	4.�	  9��
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�� �-�	4 ��, ���G� �� 9��cG7 .'���@� �7 ; M	- � ���F�� 5��	

�B� _�S� �4 ���� @� R� ����� �� � 5��`G7 ��8 �4 � 	:� 5���  .�

�@���� ��, .	�B .���  

 G�C �� ����� ��2�7�30���@� d��|`; �  ���� .�7	�P
� �

�-�	4 ��, � 	=�G�C �� � 3  �-�	4 � w�	0�Z��
� �
 	B d��>� 

 �� � �� ��1� G�C4� �/�
� .	�B ��1�0�� ��7  �|���-� ��,.  

  

2- �,�KL'��MN O�PI�  

 X�, ��4 ��(P� T��� �L� .�G�  ���Y
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 	N�V�@���� X��-� � -� X��, ���	
��� .	�B�L��
��� � }��-  	
�
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)VICTOR VC97(  ��
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�/�� 	
�)True RMS 

Mastech MS8226T( �@���� .�	4  .	�B ���Y
-� 5��	; 	O~� ���F�

��, .-� �
��� ��W�� 9�� .�	4  d��> �4 A�� 	
�R���	   Z�-

 9��cG7 .-� ����	B X>� ���H�-� �;�	< A��3�- �4 � _�W��

�
���  A�:�� X4�� � ��, ���,�� ��	
��� 9�4 .	- d��> �4 ^�� 	
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.-� �
 	B ��	C 9��@ �4 

                                                           
1full factorial approach  

 '7�U� 9�� �� 	O�S�
�� .�7	�P
��  �R���	 �L>�   9�4 .

�7��	
���.� ��QN �  2�	
��� ���,�� ��	
��� .��1� � �-�	4 ��,

.-�  A��; ��1  �2 h�i-2 .-� ��, ����� 	�P
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 S+��1- ���%� 0�9� ��'%(�)* -�,%.(� T9U� 

V��C%J E��W 
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(kV) 
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-� fL
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��  ���`� S�
�� ���1
�� � ����
4� h�i- 9��	4��4

 A��; [4�i�1 .���  

  

 S+��2- ���%� 0�9� ���	, -�,%.(� T9U�  
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�,0+%(�)* 
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 7��:Y

-0 �'%(�)* 
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}٠ ،۵/٢ ،۵{ }٢ ،۴ ،۶{  }۵/٠ ،۵/١ ،۵/٢{  

  

 �4 � R� R�; @� '7�U� 9�� �� �-�	4 ���� .�7��	
���

 ��QNµm 50  A�8 �cm 25  .-� ��, b�Q
���7	�P
� 	��-. 

 �-��7 � ���	
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�� x�� X�, �  �� ��	
��� .��1�

 ��7 n	=�cm 1  ��, �
 	B 	W� ��-� 9��cG7 . ���G� ��

'���@�  �7 T���.� ���L� R�; @� 2�	
��� RLB  �4 S�
����, 

kV/mm 25 4�O � .� 2�	
��� 6/2   R���	  ��)MHz 1 ( b�Q
��

.-� ��,  

  

  
E�� 5- ���	, H'*�N �0 �'���3� 2%�� M* �'���  

 t = 4 cm �d = 5 mm + �� � �.�	��  

                                                           
2 levels 
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'���@� A�8 �� �7 � A�� A�
�/�� 	
������	��� ��3
-� 2� @�

Testo 0560-5126  @� ������	��� 2� ���� 5���M �4 �����L�- . 

 d�
��	iC �4 mm 5/0 �@���� .�	4  �� ���F�� 5��	; M	- .	�B

�, ���Y
-� �G-H� 5�����  -�.  ���Y
-� ���� 	
������	��� C�

 	4�	4 �4 Pa1/0±  � m-��� .�	4�@���� M	- .	�B .-� 9���� .�7  

 T;�	� �� �� ��i��G7 ]4  �5[ -� ��, ���� w�N��� 4 	��P� �

�-�	4 ���� .�7	�P
�  9�� ��'7�U� � 5��� M	-���0�4  ��

wi- 	4 ��GM .�
-��  	��P��@���� jF  � ��	�� .  	��P� 5��� .���  �4

X� �	� ���G� 	3�� d���M M	- .�7�  .�������0�4 .� �L>�  �� . 

����V mm 5/0 .��
�7 ����� wi- @�  X�, �� A�k� .�	46  	O�

.-� ��, ���� 5�0� ���F�� 5��	; M	- X� �	� 	4 S�
�� '��` �  

  

  
E�� 6- %� 6�()+ %/* E��  71%� EJ+%�]3[  

  

��� @� 9
 	B �L>�  �4 9��cG7  M	- ����,�� ��	
��� �L<�� .

 ��
4� _G�`����L>�  2� @� R� � '��` � ) �Q0� .mm 5 '7�� (

��  .�4���@���� .�	4 �� 9�� @� B M	- .	����0�4 ��]  �.@	� . [4�i�

 X�,7 �����  �
�� . �L>�  ��mm 5/0 ����� wi- �4 ��� � mm 

5 ��, ���� ��	C ��, ���,�� ��	
��� �L<�� ��� -� 9���� .-� 

���� ���G�  �7 ������ @� R�A��- j��	, 5�, j-�
� ��8 �4) 15 

����O  @� �=4(	��P� A�GM� .-� ����	B �O  

  

  
E�� 7- �)9) + �'���3� 2%�� �F��� -��� O9(� - ]7[ 

   

����=� @� M	- �i4�� 2G� �4 � ����	4 . �� 9��=� 	�@ . :��	B  

)1(  v � 
2	�p� � p��ρ  

 9�� �� ���i4���  

v  ) 5��	; M	-m/s(  

pt   ��0 ) X�Pa(  

ps  ) �����
-� ��0 Pa(  

� ) ��7 ���3lkg/m3(  

�=iC ^�M ����3l 5��4 4�O �4 �;�� �4 �L>� �@���� ��  �M	- .	�B

�@���� �4 s�4	� ��i��G7 �� -� ��0  .	�B  H�C �� w�N����, ���� 

 '7�U� 9�� �� ���Y
-� ���� 	
����� .�	4 5� ���F� 	4�	4Pa 1/0± 

.-�  

 

3 - Z'�(� ���%� + ['%L&  

 �X��V R���	  �S�
�� .�7	�P
� 	O� m��	� �4 G�C 9�� ��

�L>�  .� ��QN ��7��	
��� 9�4 .  ���,�� ��	
��� .��1� � 2�	
���

��LQ� \�	, ����	
��� � 	:� 5��� ����F�� 5��	; M	- 	4  .

�B� \�	, � �G-H� <����� ��LQ� 5�, .� �� �-�	4 �G-H� . .��,  

  

3 -1- V��C%J + 6�()+ %/* )��� + ���(  

X�,  .�78 � 9�  �4 �� � 	:� 5��� � ���F�� 5��	; M	- ��
 �

 S�
�� @� �=4�� 5���M�� 5�0� R���	  � .�7�  X�, D	E� ��8�  @�

.�  �4 2�	
��� ��QNmm 2��, ���,�� ��	
��� � .��1� �4  

 cm 5/0� � '���� m� �4 m�  9�4 �7��	
�����, ���Y
-� -� �� ��� .

 X�, D	E�9.� ��QN � 2�	
��� mm 6 ���,�� ��	
��� .��1� �

 ��,cm 5/1�L>�  � � ��� 9�4 .
�7��	  mm5 .-�  

X�, �-�	4 �4  .�78  �9� '���� 9��cG7 �  fL
Q� �-��7 .�7

�� ��7�0� 	�@ Z��
� �	3�� :��,  

•  ���F�� 5��	; M	- �S�
�� '��` � �4 R���	  	7 �� ��
4� '��` �

�� ���0�4 ���F� 2� �4 5��-� @� R� ��� �4��  '7�� �
-��� �

��  9�� LM .�4����
 �  <����� _�S� �� ��
4� �� -� 9��

 '��` � ���	
��� 5���� d��C �S�
�� '��` � �4 ��G-H� ��LQ�

�� 4 ���� @� R� ��� �4���B� _�S� � ��LQ� .� ��G-H� .  5���

 ���	
���.���� �4 X���� .�; �4 A��- ������� 5��� �4 �

�B� 5��� �=N�� d��	V � ��� d��>  fL� ��
<�	 �	4 .�7

�� .��,  A��- ������� 5����i4�� 2G� �4 �� f�	=� 	�@ . ��, 

]3[:  

)2(  P��� � 12ρL� v �y�	dy#
$  

��i4�� 9�� �� ��  

Pmec   A��- ������� 5���)W(  

� ) ��7 ���3lkg/m3(  

L  ) ��	
��� A�8m(  

v  ) 5��	; M	-m/s(  

y �L>�  ) ������ wi- @� .��GM .m(  

�B� 5��� ����� ��7  d��> �4 �G-H� ���3l � ��4 A�F
�� .

�� '��` � �=N�� �� eM�4 	�� 9�� .�4�� �B� 9�� �� ��,  �7

 �D	E� s�F� 	��- �4 ����
<�	 �	4  �	3�� a	8 @� .���04 	�

�� eM�4 ����� 9�� �B� @� 5�	�4 �� ��,  ���3l � d��C ��7

 � �4�� '7�� A��- �4 ���GM� �G/V .�	�� ���F� `�� � �G-H�

��1� �� 4�  A�8 	-�	- �� ���F�� 5��	; M	- �L� ��8

�4�� '7�� �D	E� ]7[. 
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•  �R���	  '��` � �4��LQ� \�	,  9��cG7 � �G-H� . �4 ����

�B� _�S� 9���� .�7S�
�� �� .� �� �� 	� .�7� 

•  '��` � ���F�� 5��	; M	- �R���	  '��` � �4 S�
�� 	7 ��

�� ���0�4 ���F� 2� �4 5��-� @� R� ��� �4��  '7�� �
-��� �

�� S�
�� �� A�k� .�	4) �4��  kV12 X�,  

 8 - S�
�� �� � f�� kV 19  X�,9 -  9�� f����
 �  �Q0�

.-� S�
�� 	O� �4�0� 	�� 9�� LM .(-� 

• �B� _�S� �4 ���� �S�
�� '��` � �4 ��LQ� .�  �� �G-H� .

R���	  9���� .�7 �� �� 	� �7�. 

 

• S�
�� '��` � �4 R���	  	7 �� �	:� 5��� '��` � �
-��� � 

��  _�S� �� �l � <����� _�S� �� �l ��4���B� ��LQ� .�  .

.�G-H� 9��	4��4 �B� \�	, ��LQ� 5�, .�  .�	4 ��G-H� .

 	4 ��HM �	�@ ���� m-��� D	E� �	�LGM M	- '7��

���F�� 5��	; eM�4 � ���	
��� � 	:� 5��� '��` � ��1� �� �

�� 5��	; A	
�� .�	4 D	E� �L4�C '7�� .��, 

• � 	:� 5��� �R���	  '��` � �4 S�
�� 	7 ��  '��` � �
-���

�� .�4�� 

 

  

  
)b(  

  

  
)f��(  

E�� 8- �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J� 0+%(�)* S9b �W*+ -*M* �� V��C%J + �,6�()+ a�(:� -�,  

  H'*�N -*%� ���	,t = 2 mm �d = 0 mm + �� � %.�	��  

  

  
(b)  

  
(f��)

E�� 9-  0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J�-*M* �� V��C%J + �,6�()+ a�(:� -�,  

 ���	, H'*�N -*%� t = 6 mm �d = 5 mm + �� � &.�	��  

3 -2- ) 0+%(�)* +0 ?� ��!�J %/*d(  

X�,  .�710  �11 �� � 	:� 5��� � ���F�� 5��	; M	- ��
 � �

�� 5�0� ��	
��� �� 9�4 �L>�  � S�
�� @� �=4�� 5���M �4  �� .�7�

 X�, D	E�10.� @� � ��QN �4 2�	
���  

 mm 4 .��1� �4 ��, ���,�� ��	
��� �cm 5/2 R���	  � �kHz 10 

 X�, D	E� �� ��� .-� ��, ���Y
-�11 � ��QN.�  2�	
���mm 

6�  .��1� ��, ���,�� ��	
���cm 5/1  R���	  �kHz 12 .-�  �4

X�, �-�	4  .�710  �11� '���� 9��cG7 �  Z��
� �	3�� fL
Q� .�7

�� ��7�0� 	�@ :��,  

•  �� 9�4 �L>�  '��` � �4 S�
�� 	7 ��5��	; M	- ���	
���
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 �� '7�� ���F��  9�� LM .�4������  5���� d��C '7��

 ��	
��� G- �4 �����4 d��q �	V '7�� �/�
� �� � ���	
���

 -� ��, ���,��]4[. 

• �� ��	
��� �� 9�4 �L>�  '��` � 5�, x��< eM�4 �����  _�S� @�

�B� ��LQ� .� �/�
� �� � �G-H� . ��	B M	- '��` �  .�	4)

 S�
�� �� A�k�kV 17  X�,10 - (f�� '7�� 	�� 9�� LM .

-� ���	
��� 5���� d��C. 

•  ���	
��� �� 9�4 �L>�  '��` � �4 9��cG7 � ��LQ� \�	, �4 ����

�B� _�S� ]�4 .�7S�
�� �� ��LQ� .� �� �� 	� .�7� 

•  �
-��� � 	:� 5��� ���	
��� �� 9�4 �L>�  '��` � �4 S�
�� 	7 ��

�� '7�� �4��.  

 

  
(b)  

  

  
(f��)  

E�� 10 -  0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J�-*M* �� + �,6�()+ a�(:� 0+%(�)* +0 ?� E!*9J  

 -*%� V��C%J  ��� � &%	'()  + ���	, H'*�Nt = 4 mm  +�� � �.�	��  

  
(b)  

  
(f��)

E�� 11- a�(:� 0+%(�)* +0 ?� E!*9J + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J�  

  V��C%J -*%� ��� � &�	'()  ���	, H'*�N +t = 6 mm  +�� � &.�	��  

  

3 -3- -0 7��:Y %/* �'%(�)* )t(  

X�,  .�712 �13  �14 5��� � ���F�� 5��	; M	- ��
 � �

.� ��QN � S�
�� @� �=4�� 5���M �4 �� � 	:� �� 5�0� 2�	
���  .�7�

m� '���� @� D	E� �- 	7 �� �4  R���	  � ��	
��� �� 9�4 m�kHz 

10  m��	� �4 ��, ���,�� ��	
��� .��1� ��� -� ��, ���Y
-�cm 

5/0� cm 5/1  � cm5/2 -� ���4. 

 �4X�, �-�	4  .�712 �13  �14'���� 9��cG7 � �  fL
Q� .�7

�� ��7�0� 	�@ Z��
� �	3�� :��,  

• ��LQ� <����� _�S� ��  '��` � �4 S�
�� 	7 �� ��G-H� .

.� ��QN �� '7�� ���F�� 5��	; M	- �2�	
���  X��� .�4��

 �	V '7�� �/�
� �� � ���	
��� 5���� d��C '7�� 	�� 9��

 d��q.-� ��, ���,�� ��	
��� G- �4 �����4 

• .� ��QN '��` � �� 2�	
���  _�S� @� 5�, x��< eM�4 �����

�B� ��LQ� .�  .�	4) ��	B M	- '��` � �/�
� �� � �G-H� .

 S�
�� �� A�k�kV 21  X�,12 -  9�� f�� ��
 � ��7�0�

�� .-� ���	
��� 5���� d��C '7�� 	�� 9�� LM (��, 

• .� ��QN '��` � �4 ��LQ� \�	, �2�	
���  � �G-H� .

�B� _�S� �4 ���� 9��cG7 ��LQ� .� ]�4 .�7S�
�� �� �G-H� .  	�

�� ��  9�� LM �7���
 �  ���	
��� 5���� d��C '7�� `��

.-� 
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•  ��*+ .�7X�,) 2l��  .�712  �13 �( ��QN '��` �

.� �� eM�4 2�	
���  ���� 	�	�� D	E� ��,�B� _�S�  .�

��LQ� � ��, �G-H� . 5��
4 S�
�� '��` � �4�  5���� d��C

 �� ���	
����/�
� �� � ��	� 	
0�4 M	- �4 5��
4  .	�]�4 .�7

 �� 9��	4��4 . �� -�*+2l�� .�7  .�7S�
�� �� �l	B�

.� ��QN �4 D	E� �9����  �� .	
0�4 M	- �	
G� 2�	
���

�� �F�� S�
�� �� ��� ����� �� �
M	- 9�	
0�4 �]�4 .�7  5���

 �4 D	E� �4 s�4	�  �� -� 5��4.�  2�	
���_�QN .-� 	�  

	3�� a	8 @�  ��*+ 	
B�`4  X�,)14�(  ��QN '��` �

.�  �l	B� 2�	
����B� _�S� �4 ���� ��LQ� .� �G-H� .  �4 ��

�� 	�<��  _G�`��� M	- '7�� eM�4 ��� �@������ .��, 

9��	4��4 .� ��QN 9�4 �BU�� 9�� �� ) 2�	
���t .��1� � (

) ��, ���,�� ��	
���w+ ��=� 9�� �4 .���� ��;� X4�F
� 	O� �(

	�P
� 	O� �� t  .�@� �4 ���F�� 5��	; M	- .��w+ .�7

.��� 5���� y�`4 � 2l��  G�C �� ���� 9�� LM3-4  �

 ���� w�N�� ��, ���,�� ��	
��� .��1� 	O� �-�	4 @� R�

�� .��, 

• .� ��QN '��` � �4 S�
�� 	7 ��  �
-��� � 	:� 5��� �2�	
���

�� '7�� .�4��  

  

  
(b)  

  

  
(f��)  

E�� 12-  ��(J�-0 7��:Y + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* a�(:� �'%(�)*  

  V��C%J -*%� ��� � &%	'()  ���	, H'*�N +d = 0 mm  و�� � %.�	��  

  
(b) 

  
(f��)

E�� 13-  ��(J�-0 7��:Y + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* a�(:� �'%(�)*  

  V��C%J -*%� ��� � &%	'()  ���	, H'*�N +d = 0 mm  و�� � &.�	��  
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(b) 

  
(f��)

E�� 14 - -0 7��:Y + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J� a�(:� �'%(�)*  

  V��C%J -*%� ��� � &%	'()  ���	, H'*�N +d = 0 mm  و�� � �.�	��  

  

3 -4 - ��� ���9� 0+%(�)* -�	
� %/* )��(  

X�,  .�715 �16  �17 � 	:� 5��� � ���F�� 5��	; M	- ��
 � �

 � S�
�� @� �=4�� 5���M �4 ����, ���,�� ��	
��� .��1� �� 5�0�  .�7�

�L>�  D	E� �- 	7 �� ��	
��� �� 9�4 .�  

  mm5/2 R���	  �� kH 14  ��� -� ��, b�Q
�� ��QN

.� 2�	
��� m��	� �4  mm6� mm 4 �  mm2 .-�  

 �-�	4 �4X�,  .�71415 �16  �17� '���� 9��cG7 �  .�7

�� ��7�0� 	�@ Z��
� �	3�� fL
Q� :��,  

• .� �
C� _�QN 2�	
���  X�,) -�  .�715  �16�(  _�S� ��

��LQ� <�����  ��G-H� .��	
��� .��1� '��` � �4 S�
�� 	7 �� 

��, ���,�� �� Rp- � �
 �� '��` � ��
4� ���F�� 5��	; M	- �

 �V 2��� 4�O �Q0� .���� LM ��
 � 9��  @� �� -� 9��

 	��� �� �����4 d��q ���	
��� .��1� '��` � �4 �- 2�

��]�8 �� ���4�
, .	�  M	- �/�
� �� � ���, ��7��< .	
0�4

,��. ��� �����O X��B 	3�� .�- @� 5�	
��� .  eM�4 �� �7

�� �G-H� .��������<  f�=6� ���,�� ��	B -H� ��G� �G  �����

 @� 	
0�4 �Q0� �V 2� �4�� ?	
�B]5[. ��LQ� ����	  ��  .

��q 2� �4 5�	
��� 2� ���<	4 ��G-H� �k�< . ��7 @�  �4 	/��

�k� 5�� 2� � 5�	
��� �� ����� �� `�� 5�	
��� �� 9�� .��, 

�� �4 ��q �k�< . �� ���<	4 	3��  X��0� 5�	
��� ��1l � ����

��  9�� � ��7��� ���� ����� ���� .���  \�� 9��X��B  �5�	
���

�� ������ �����O X��B .��,  

• .� �
C�  X�,) -� D@�� 2�	
���17 �( .��1� '��` � �4

 ���	
������F�� 5��	; M	- X�C ��V �� aH< 	4�  \��,�

�G� ��,w�E> d���M �4 � .  	� ]�G
V����,�� ��	
��� �� ��,  .

91� .	�  �4 �����V  �X�C .�7�� \��,�  	�� 9�� LM .��	B

.� 5�, D@�� �4 ���	
��� 5���� d��C '��` � 2�	
���  .-�  

• .� ��QN 9�4 ��;�� X4�F
� 	O� @� 2�	
���  ��	
��� .��1� �

 ���, ���,���� ��  	B �/�
� 5��� �� 
��QN 	7�  @�

.� 2�	
������� ��;� ���	E4 ���,�� ��	
��� .��1� 2� �  �4 ��

5� @� 	
0�4 ��	
��� .��1� '��` �� ���F�� 5��	; M	-  \��,�

	3�� � ��, �G� ���� '��` � .��� ��V 9�� ��  ��QN �l	7

.� �,�4 	
G� 2�	
���� .��1� ��	
��� 4 	
0�4 ���	E��4 �7��<. 

• ��, ���,�� ��	
��� .��1� '��` � � � 	:� 5��� 5�`�� �4 ��

�� '��` � ����� �7�.  
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(`)  

  

  
(a)*)  

E�� 15- * �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J�M + �,6�()+ -*��� ���9� 0+%(�)* -�	
� a�(:�  

  V��C%J -*%� ��� � &-	'()  ���	, H'*�N +t = 6 mm  +d = 2.5 mm  

  

  
(`) 

  
(a)*)

E�� 16 -  (a)* ��(J�a�(:� ��� ���9� 0+%(�)* -�	
� + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%�  

 V��C%J -*%� ��� � &-	'()  ���	, H'*�N +t = 4 mm  +d = 2.5 mm  

  

  
(`) 

  
(a)*)

E�� 17- a�(:� ��� ���9� 0+%(�)* -�	
� + �,6�()+ -*M* �� 0+%(�)* S9b �W*+ �J%^� _*9& (` + �'�D)* _�'%� 71%� (a)* ��(J�  

  V��C%J -*%� ��� � &-	'()  ���	, H'*�N +t = 2 mm  +d = 2.5 mm  
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4 - ��(�-%4   

�	N�V '7�U� ��  ��4 9���� .�	4�L��M �	���� @� ���Y
-� �4 �X��� 

 ���G-H� D	E� ��
 �DBD  � ���	
��� .�7	�P
� @� �=4�� 5���M �4

�=��i� �4	/� d��> �4 �-��7  ����@ 9�� �� �L�C .�7��� �C��� �

 ���� ',���@���� .�, 	�B.  �� �� ��� 5�0� ���F�� 5��	; M	- .�7

��LQ� <����� _�S�  .��1� � R���	  �S�
�� '��` � �4 ��G-H� .

M	- ���, ���,�� ��	
��� ���F�� 5��	; �� ���� '��` �  ��� .���

�L>�  '��` � .� ��QN � ��	
��� �� 9�4 .  '7�� �4 	/�� 2�	
���

 R���	  � S�
�� '��` � �4 �, ���� 5�0� 9��cG7 .�, �7��< M	-

9�=� ���F� 2� @� R� ��LQ� �B� _�S� ���� �G-H� .  M	- � ��, .�

�� '7�� �L>�  '7�� �4 ��V 9�� �� .�4��  9�4 . �� � ��	
��� ��

.� ��QN '��` � �� 2�	
��� �B� _�S� @� 5���  �� M	- � x��< .�

.��� '��` �   	3�� a	8 @� eM�4 �L��M �	���� @� ���Y
-� �� �, 	O�

.� ��QN 9�4 X4�F
� ��, ���,�� ��	
��� .��1� � 2�	
��� 

� ���-��,  ���� 5�0�,�� �� .� @� �
��QN 	7 ��  2� �2�	
���

� ��	
��� .��1� '��` � �4 �� ���� ��;� ���	E4 ���,�� ��	
��� .��1

 ���� '��` � 	3�� � ��, \��,� ���F�� 5��	; M	- 5� @� 	
0�4

�G�  .��� ��V 9�� ��.� ��QN �l	7 �,�4 	
G� 2�	
���� .��1� 

��	
��� 4.��4 �7��< 	
0�4 ���	E  @� ���Y
-� 5��4 ��
 � 9�� ��Q0�

.���� 9�G� �L��M �	����  �� ��� 5�0� � 	:� 5��� �-�	4 9��cG7

��LQ� <����� _�S� ��  M	- '��` � eM�4 �� ���	��P� ��G-H� .

�� �� '��` � `�� �� � 	:� 5��� ����, ��7�� ��l	7  d�	��P�.��1� 

:� 5��� .�� �����l 	�O�� ���,�� ��	
�������� � 	 . 9����
 �  ��

�B� _�S� ��LQ� .� �G-H� . �� R�M	4  	3�� d���M �4 .��, 9�� ��

 �_�S��� M	- '7�� eM�4 �� ���	��P�  �� � 	:� 5��� ����,

�� '��` � �B� _�S� �4 ���� @� ���4 9��	4��4 .��7� .��G� .	�B�L; .�  
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