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Abstract: 

This study analyzes and evaluates the effect of relocating the silencers of the exhaust system of the Alstom 
single-pressure, combined-cycle power plant in Yazd. The exhaust system design should minimize both 

pressure drops and ensure a uniform flow at its outlet (the inlet to the recuperator boiler). Analysis of the Yazd 

power plant exhaust system in the combined-cycle state indicates that vortices form in the divergent channel 

preceding the silencer, while the outlet flow remains uniform. The total pressure drop is 535.71 Pa. 

For the gas-turbine cycle, vortices form in the divergent channel and in the by-pass exhaust stack, with a total 

pressure drop of 611.33 Pa. Relocating the silencers inside the by-pass exhaust stack reduces the pressure drop 

caused by their presence in the gas inlet to the recuperator boiler; however, the flow becomes highly non-

uniform, and a large vortex region with circulating flow develops within the exhaust system. The inlet static 

pressure decreases to 467.61 Pa and the total pressure drop becomes 57.5 Pa. For the gas-turbine state, 
analogous to the combined-cycle, flow uniformity deteriorates and a vortex region with substantial circulating 

flow forms within the diverging channel. The total pressure drop for this condition is 929.56 Pa. 

Relocating the silencers yields no perceptible reduction in pressure drop in the combined-cycle and has no 
substantial effect on efficiency. However, silencer life increases, and accessibility for maintenance improves. 

Implementing this modification in the exhaust system should be performed by experienced personnel, and, 

upon validation of its value, geometry refinements to achieve flow uniformity should be made; otherwise, 
particularly in the combined-cycle, the non-uniform flow could degrade the recuperator heat exchangers and 

affect recuperator performance. To achieve flow uniformity inside the exhaust, two modification schemes were 

proposed and evaluated. 

Modification Plan 1: The length of the divergent channel is increased, which reduces the channel divergence 

angle. As a result, the flow in the combined-cycle becomes uniform, and the inlet static pressure relative to the 

present exhaust system decreases by 518.6 Pa, with a total pressure drop of 16.24 Pa. This modification did 
not affect the gas-turbine cycle, where the flow remains non-uniform. The inlet static pressure for the exhaust 

in this state relative to the present system increases by 275.45 Pa, and the total pressure drop for this geometry 

is 929.56 Pa. This plan entails a high implementation cost because a new divergent channel must be 
constructed. 

Modification Plan 2: A perforated plate is placed in the center of the divergent channel. With this modification, 

the flow in the combined-cycle becomes uniform, and the vortices caused by silencer relocation diminish. The 

inlet static pressure relative to the present system decreases by 299.62 Pa, and the total pressure drop is 235.78 

Pa. This modification is effective for the gas-turbine cycle, yielding a more uniform flow. The inlet static 

pressure relative to the present system increases by 360.33 Pa, and the total pressure drop for this geometry is 

988.6 Pa. Although this modification reduces pressure drop in the combined-cycle compared with the previous 
state, its advantage lies in lower implementation cost. 

Key words: Exhaust system, Silencer, Gas turbine, combined cycle. 

 
Date of sending: 2023/09/20 

Acceptance date: 2025/08/08 

 

Corresponding author’s name: Ebrahim Goshtasbi Rad   

Corresponding author’s address: Department of Thermo-fluid, School of Mechanical Engineering, Shiraz University, Shiraz, Iran 

 [
 D

ow
nl

oa
de

d 
fr

om
 ie

ijq
p.

ir
 o

n 
20

25
-1

2-
07

 ]
 

                             1 / 16

http://ieijqp.ir/article-1-972-fa.html


Iranian Electric Industry Journal                                               Vol. 14 / No. 2/ Summer 2025 

Quality & Productivity                                                                    ISSN 2322-2344     

1-15ص.ص                                                                                                     EISSN 2717-1639 

 

 

���� ���	
- �
� �	���� ��� ����� ��� ���� ���  �!� � �
 "�#��!$  ���%2  ���
�  ���%39 ��)*��+ 1404        

 

 

������ �	
 ��� 
������ �� ����� ����� ��� �� ���� ������ ����� �� 


!���� "#�� $�����% &� '����� �(���  

�	���� :��0�12 34
  

5
*6 7�8��#��9�:
  #�;1#�� �8��)	< "
����� =2  >��#� ��#4�?3   

1-  @%�� 7��%��� =A

�B2 ��@�!2  @B	
�# =CD�
� C���6  ��<����� =;��
% =;��
%  �E	
�# 

 hn.abbas72@gmail.com 
2-  ��
	
�#����� =;��
% =;��
%  �E	
�# =A

�B2 ��@�!2  @B	
�# =CD�
� C���6  ��< 

 goshtasb@shirazu.ac.ir 
3-  @%�� 7��%���< ����� =;��
% =;��
%  �E	
�# =A

�B2 ��@�!2  @B	
�# =CD�
� C���6  �� 

e.ghonoodi@gmail.com  
  

  

$��#) :  

 ���+ ���� � 
!���� "#�� ,�-.� �� ���� ���/ 0�� �� $���1�� �� 
!���� "#�� $�����% &� ����� 213�� 4 �56 ��� ��

 .,�� �18�� ���9 �-:�;+ ����6 ��<8,��  ,=39 ��)�����
+ ���� $�����% 
 ���� ���-� �� �� 
=?+ 4@% (�B������� ��#+ . ��

 "!9 $�����% ����� 213�� ��
+ �C+� ������� �� ��<8 ,8� 4���8� D/�� �� �E��62/75  K�#��6�� ,!3%  ,�-.� ���� ����� 213��


+ 
!���� "#�� .��E������ L4 �56 ��� �� D/�� 
!���� "#�� ,�-.� �� �� �E $��� K�@1%� �	���B� ����� &1�� "��� �� ��

4 ��  ��<8 ,8� ����+ ��21/478  K�#��6 ,8� 4���8� � ('����� �(��� �� �����) ����� 
���� ����� ,/�� ��E ,���B#���P �

 ��<8 ����+ ��23/318  K�#��6 R�S �� ����� 213�� ��� �� 
���� ,/�� ��E ,���B#� ��TB+ �� .�E ���� "#�� ,�-.� ��

!%� K�%�� K�S K�� R�S �� .,�� $�E �-:�;+ 

U����<8 ,8� 4 �� D/�� �� �E $��� 4���8� 
S�3 ����+ �� 97 ����  ,���B#� �

�V�� �� W�� R�S �� .,�� $�E 
!���� "#�� ,�-.� �� 
���� ,/�� ��E �� �E $���1�� 
S�3!%� K�%�� ���� &!<+ �

 ��<8 ,8� 4���8� D/�� �����54/219  K�#��6 ���� ����� 213�� ���
 �� K�� R�S �� ,!3% 
!���� "#�� ,: ��E ,���B#� �

.,�� $�E ����� 
���� ,/��  

  

������ L����� 213�� :���(� ���Y�� L��� ������ L��
!���� "#��  

  
:����� F���+29/06/1402  

 :I��J� F���+17/05/1404  

  

#�� �8��)	< "
����� : �4M*2  @�*�4
 N�
  

 ����� =;��
% =;��
%  �E	
�# =A

�B2 ��@�!2  @B	
�# =CD�
� � C���6  ��< :�4M*2  @�*�4
 7�#9  

  

  

  

  

1

 [
 D

ow
nl

oa
de

d 
fr

om
 ie

ijq
p.

ir
 o

n 
20

25
-1

2-
07

 ]
 

                             2 / 16

http://ieijqp.ir/article-1-972-fa.html


5
*6 7�8�#�� �8��)	< "
����� =�#��9�:
  #�;=  >��#��#4�?   

  

  

���� ���	
-  ��� ����� ��� ���� ���  �!� � �
�
� �	���� "�#��!$  ���%2  ���
�  ���%39 ��)*��+ 1404        

 

  

  

  

 : �+�@+  

 �<��

"!2 ;� �+���6 ���O�:2 5��+�P4� ��<@��� ��
*Q ���

�2 R4*S2@
4%�;� .�5��  �<��

 ��2@
�� ��U+�� �+���6 ��� �

!�
��;��� ��#�@S2 V��� ��  �W� �P4� O�:2 �# #4X42 ���

 �1
S2 �*�; YQ��2 =�P4� 5
2Z+ � �� ���
*� �#�:)[�  ���� ��

 .�%�# @��4P ;� �B� ��\6���� ��  ��4�� �� ��2@
�� V��]Q� �4^�2

 �<��

2 _�12 �+���6 ����#4%  �<��

 ;�  #��)�����  \B
�


��+�81 ���  =�8
��+ \B
� R�`)
� \
0# ��#;�� �� ��2@
�� 5
���

�;�< ��!��<��

 �� �a�
� �#��; ��@U2 YQ# �b�P �� �2�< C�4�

 �%�
 ;��X��P ���;�< =D�� ���X c��`2 �

d+ � =��� �#4�  �+4� =

��� �4X e���% �

d+ �� �X��P C�@[ � ��2@
�� �# ,��^
)  

 

1391(]1[ .  

 �� @ �
\B ��+
8� ����   #;�� #48!�) �;�<  �<��

�
\B   #��

�����4)(= �b ;��k ��;�< C���6 ;�  #��)��� X��P� ��4+
5 ;�<� 

 .@%�� �2
 �#
 �<����� �
\B ��+
8� � 34
 �#
\B +���6� �����4) 

��4+)
5 � � (;�<
\B +���6� B
��
5 ��4+)
5 ��+ "��� (��`�
l 

2�@
4%. 

 �<�� \B
� ��+
8� #�@�+ \2�%� ��4+
5 ��4+ � ;�<
5 

��`� ��� �� 4� ;�  #��)�� ����� ;���=R� ��;�< �# #4X42 C���6 ;�� 

X��P� ��4+ ;�
5��� ��� =;�<� 04+
@ 
 #�42 R9 ��`�
;�  �#

��4+
5��� 2  #��)�� ��`��#4%.  =;�< 5
��4+ ;� �X��P �4:S2

 #�@6 C���6 �X�# �� �;�<600 �)
�� �X�#�< ��4�� �� �� ��� #�

�2 4X #��� ;�]<� k��b ;� �+���6 C���+ 5
��4+ l
+�+ 5�� �� #4%

 �!� e���% 5��)!� �# =�;�< #�@6 �# �
�2@
�� =���#��33 �)%�# %

 �67 @[�Q � R4*S2 �+���6 C���+ ��4�� �� �9 �a�
� %���� ��

�2]<� �X��P �# =�a�
� 5�� ;� �)!�  #��)�� ���� .@%�� 5
��4+ �� ;�

�n2#�+�4��# l:
 �� ;�<2 o�# ;�< = �;�< 5
��4+ �X��P  ��*[ ��

R��;�� ���4�3 �2 ���@� �+ #4% V��2�< V
� �� �9 �# #4X42 R9

�@82 e�4+��= #�@6 �# C���6 �X�# �� N�< �4Q ��`� ��530  �X�#

�)
�� #��<���4� ���#  ��`� 5
��4+ A� �# ��� @
04+ �!X � \�@8+

  #��)��.#4%  V��2�< �!X �P4� O�:2 �# ��`� p�# �# 5�������

�Q�� R9 �#��2 ��[� �� �  V��]Q� \� �# ��2@
�� �  @% ��4X55 %

�2@��  , �
� , ��%�� , �@
�)&  , �@�S21395(]2[.  

 �# �)Q�< C�4� C��0�12 e�4+>��42(Morris, 1987)   =

��q�*2 �� ���@ ;�� �#��� a��� ���  � N�E���6��b  ;�]<� ")*
�

 
1 Combined Cycle Power Plants (CCPP) 
2 Diverter Damper 

< ���[ �X4+ #�42
#� :@�
�2 ��P�@� ")*
� =�+4� #�B���5� =��

#�42 =;�]<� ;�< �
*2 = �<��

 �6��b �)Q� ��B� �6��b C�^6W2 �= 

 r`	2���  @%. 

����B�� � �0 (Lee, Kwon, & Lee, 2002)  ����� ����

 �# ���� � ��
*�� Y�;4+ ��� �� ����X �	P�$ ���6 C��s�

\�	2 �� �#��� �S�� �#@� � ���E	��2;9 ��0�12 =���)6� ���

 N�t
� R��;�� ���4� �� �#��� ��
�� ��� �� ��0�12 5�� .@
#�# N�t
�

 �X��P ���;�< � ��
*�� 5
� uW)P� v1� V��]Q� ����  .@%

� ��
�� =5
��4+�Q�w� R��;�� ���4� �� �#��� ��
�� �� �Q�w� ��4  @%

 � ���)6� #48!� ���� ��
*�� V��]Q� 5���Q�< C�4�.   

�E
4+���X (Jayatunga, 2005)�A ��t+ ��0�12�  � �� �#@�

��� �A �
")* ��4+ ;�]<�
5 ;�<� )���� ���� ����� 2
��@ 

�X��� �
x
 @ � �9  ��8)�� �t�� �[#�+�8��S2 CD�
� A
2���# 

 N�t
�#�#� .�5 �@2 ;� ��4�t2��  ;� �����@� ����X��P  @���   ��

�X���  �� ���A #��
�;4 4U�6� �4S2� �2 ���@� @��� �\:)2 �� 

�A  �8�X�4U�6  ���
�� P =��� �X��.���  @% \
B	+  5��

 ��4+ �� ���� ��0�12100 = %70 � %30 N�t
� ;�< 5
��4+ %�  l��w

 �#@� � ���t+ I�� �# ;�  @29 ��# �� \� ��	Q �Q��*��U2 

@�#�<.   

����B�� �  @E� (Hegde, Han, Lee, & Roy, 2007) 

# C���6 ��U)
� � ����X ��� �� �#@� � ���E	��2;9 ��0�12 34
 �

 N�t
� �� �UQ� � �#4�� R��;�� ���4�@
#�#.  =��0�12 ���� �!
9 O@�

�P�4�B� ����X �+ #4� R��;�� ���4� ��)P�� �# C�6W�� #�t��  ��� ��

�@82.#4% #�t�� ��  ��0�12 5�� �# =R��;�� ���4� ��@�� _W�� ��

 �@82 ��#D�� �# ���#�<N�< �4Q�2 A$4�5
��� �# � �+ ��#

�S��= �P�4�B� ����X.@% �+  

��^
 � ����[  ����[)&  ,��^
1396( sZ+
�  �n2# l:


;�]<�= ���0� �# ��	Q � �2# ����)2���� ��� �4E0� �

d+ � y�)`2 ���

 ��c@��� �8
��+ \B
�  �<��

 R��;�� ���4� #@t2 �;�@
�=  ����� ��

 ����� z��)
 .@
#���!
9 #�# ��	
 ;� �t
9��  �� �� �� #�� �;�@
�

 �� ����� ���2 V��� �� ���4� ��� �4b o�# �;�@
��# =@ l:
 �J0

 �n2#;�]<� �2 @
�4+�
X4+ @%�� �)%�# �#�:)[� � ��Q.  

�4� � 4X��
�	�D (Lakshmiraju & Cui, 2007)  ����

��
!� ����; ������%�d
+ �4  �� �5= ���4^�2  ;�]<� ��	Q �Q� V���

 �<��

= #�# N�t
� ���t+ � �#@� ��0�12@
 �� z��)
 . ;�  @29 ��#

����; �� ��	Q �Q� l��w ���� ���t+ � �#@� \
�S+ y�)`2 ���

3 Heat Recovery Steam Generator (HRSG) 
4 Baffle 
5 Turning vanes 

2

 [
 D

ow
nl

oa
de

d 
fr

om
 ie

ijq
p.

ir
 o

n 
20

25
-1

2-
07

 ]
 

                             3 / 16

http://ieijqp.ir/article-1-972-fa.html


��P�@� OJ6 �s� �����5� �� �#��� ����X ��� �� �;�< 5
��4+ ;�]<� ����8
��+ \B
�  �<��

 A� R��;�� ���4�  

 

���� ���	
-  ��� ����� ��� ���� ���  �!� � �
�
� �	���� "�#��!$  ���%2  ���
�  ���%39 ��)*��+ 1404        

 

�2 ��	
 �d
+ ;� �)	
� ����; �� @�#30 �X�#  �Q� V��]Q� {���

�2 ��	Q#4%.  �B
0��@
� �1[ V��� lX42 �d
+ ����; V��]Q� @% 

����� �# ��
�2 #4P ��  ����X �48�##�< �2   

����B�� � ��)����� (Bayraktar, Safa, & Yilmaz, 2007) 

 �� �)	� �#  @%  #��)�� �;�< 5
��4+ ;�]<� ")*
���C�4�  �#@�

 .@
#�� ��0�12 ��
�S+ � @��# ��	
 ����� z��)
  OW)P�38/2 % 

 5
� �X��P ���� �# �#@� � ��
�S+ I���#  ��*B� ��	Q �Q�

.#4�   

���
� ���4� � (Pinelli & Bucci, 2009)  �X��P ;�< ")*
�

 ��� @
04+  �<��

 A� �+���6�
8% �� 5�� �# .@
#�� �#@� �;��

 �48� �J<���� ;�]<� ;� 5
��4+ �X��P ���;�< ;� ���@U2  �<��



 �  #���2 4X #��� � k��]+ ���� ;�]<� �� >n� ;� ���@U2 � #4%

 �# �2�< @
04+ ���� �+  @% R��;�� ���4� #��� 5
��4+ �X��P ;�<

 ���[  #��)�� #�42 ��)*��+ �# ��JX ��
$ �a�
� @
04+ � ��)*2;

#�
E�.  �t
)
�2;9�V��  ;�]<� �2�X ��# �� �
�2; #�# ��	


�J<����50�P �2�X ��# ;� % 5
��4+ �X��
��S� =@%�� 5��+

?
��)P�4�B�2 ���+� �2# � .@)Q�  

����B�� � �X�!2 (Mohajer, Noroozi, & Norouzi, 

2009) ��@�� �@2 �8
��+ \B
�  �<��

 �J<���� ;�]<� ")*
� �

 �@
�*09V94.5  �+�4��# ��@�� �

d+ ��0�12 5�� �# .@
#�� ��
!� ��

 � �)Q�< ���[ ����� #�42  �� ;�  #��)�� �� �n2#sZ+
�  �Q� ��� �� �9

 �� 5�� .@% ����� ;�]<� ")*
� ��	Q ��sZ+
�  �4E0� �# �#��;

���#�< �@% A$4� {��� � �)%�J< ����X �@% �P�4�B� � ��

��P�@� �� ����X5� �Q� V��� lX42  �� l:
 5
�x�� @% ��

 V��]Q� {��� �<��� 5�� �� @% ;�]<� ")*
� �# �a�
� OW+� � ��	Q

 ��#;�� ;�< 5
��4+2�#4%.  

����B�� � 5
% (Shin, Kim, Ahn, Choi, & Myoung, 

2012)  �#4�� R��;�� ���4� ���# ����X �4E0� \
�S+ � ��]t+ ����

@
#�# N�t
� �#@� � ���t+ ��0�12 �9 �� �#��� ��
�� �.  �!
9 k
US+

e���% �#  7�
U2 �� ���E	��2;920/1 t
�.�Q�< N�  #�# ��	
 z��)


�
6�
 R��;�� ���4� �� �#��� �#�2 #�t�� �	P�$ ��� {��� �� #4%

�2 R��;�� ���4� �� �#��� ����X �@% �P�4�B��
? #�t�� .#4%  

�$��# � ��2�� (Ameri & Dorcheh, 2013)  �#��� ��
��

 �+�8��S2 CD�
� A
2���# A�� �� �� R��;�� ���4�8%
�;�� �

 ���4� �� �#��� �# �2# � ���� �#�� �P�4�B� �!
9 O@� .@
#��

 ;� \`�`)2 �S�� �#�� �@2 ���� �!
9 .#4� �B�� \�	2 � R��;��

 .@
#��  #��)�� �4+��#�� u�% ;� ���)6� \�	2 ���� � \`�`)2 I��

��� z��)
 �@% �P�4�B� lX42 \`�`)2 �S�� #�# ��	
 �� ��

�2 ����X .#4%  

���6����B�� �  #�; (Hanafizadeh, Siahkalroudi, & 

Ahmadi, 2016) ���� sZ+ �#�# ��	

� ��t2 \B%� #��� ���4� �

 
6 Meta-heuristic 

R��;��  ���)P�4�B� �X��� ��	Q �Q� �= ��0�12 ��t+� 8% �
�;��� 

#@��  N�t
�@
#�# . �� �#��� ��
�� �D�� v1� ��0�12 5�� �# �!
9

����; �  ;�@
� �

d+ �� �  #�� "
*U+ ��*[ �# ��  �� R��;�� ���4�  5��

@
#�� R��;�� ���4� �� �#��� ����X �#�� �P�4�B� �# ��� =_41�.   

����B�� � 4� (So, Jo, Lee, Koo, & Lee, 2018) O@� �� 

 #48!��)P�4�B� �X��� #����� � R��;�� ���4�= #��� ��
���  ���4�

#�42 �� R��;�� ]t+�� �S+ �
\ #@�� !� �
��;��� 6��b@
#�# ���[ � .

��%�e ���
+�� � ���A �@2 5/152 +���E2� ���� �S+
\ �A 

�X�� �� �@���  ���[  #��)�� #�42�Q�< . 5
�x��!�
��;�� �

A
)
a ")��4E0� ;�  #��)�� �� �6��b6 .@�#�< N�t
� !�
��;�� ��
�� �

 V��]Q� {��� �#���4/3 .@% ����X �)P�4�B� %  

����B�� � O4��a (Zhinov, Shevelev, Karyshev, & 

Anan'ev, 2018) ��� �� �#@� ��0�12   ;�< 5
��4+ A� ;�]<� ��

@
#�# N�t
� �� �+���6 �@82 .��
!� ��0�12 5�� ;� O@� �;��

 5
�� �� #4� �+���6 �@82 \S2 �# ;�]<� ��
�� ��@�� C�:`	2

 �+���6 �@82 ��� �@2 �# .@% ����� k
US+ 5�� �# �@2 �# �4^�2

 �� ���  @% Y[�� ;�]<� Y1U2 v1� ]��2 �# � �+���6 �@82 5
�

 ��4�# 5�� �� �2�E�� .#��# #4X� �n2# ��  ���� #�;9 ��}Q ;�]<� ���

 �+���6 �@82 ;� �48� ��@� ;�< ����X ;� ���@U2 @�%�� ;�� ���n2#

�2 4X #���#4%.  ��
��  ��4�# ���t2 �# �+���6 �@82 �# N�# �@2 �#

 ���� Y1U2 v1� ]��2 �# ;�� ��}Q � �)Q�< ���[ �2 �n2# �� .@%��

�
8%�@2 ���� #�# ��	
 �;�� N�#�@82 �� �#��� ���� = ���

�P�4�B� �+���6.��� �)�� ��	Q �Q� � �+  

   4
X � �� (Yi & Ju, 2019) sZ+
� ��P�@� �2�`w A� 5�

 ����X ��@
2 ��� �� �)��� �;�< 5
��4+ ��.@
#�� �#@� \
�S+ 

 ��0�12 5���# �� @% r`	2#�@�+  �2�`w ���P�@�5��� sZ+
� 

;�#��  V��� #�B��� �#;�]<� ��@� @
��#.  ��@
2 �!
9 ��0�12 �#

 V��]Q� �� #�# ��	
 z��)
 .@% ����� �E)�%9 � ���� =��	Q

�`w V��]Q� ���� � ��	Q �Q� � V��� ����X �48� ��}Q =�2

�2c�X4�� �2� .@���7  >n� �)Q�� V��]Q� =�2�`w V��]Q� �� �@6 �+

�2 V��� c�X4�� =����X �@% �P�4�B� � ���� V��]Q� ��.@���  

����B�� � �B0�2 (Maleki, Aslani, Zzolfaghari, & 

Zahedi, 2022) ��� �#2022  R�)� \
�S+ ������%  �# �)Q�	
�

 � RJX �����Q �� ��
8b ;�< �8
��+ \B
�  �<��

 ���4+ #�42

 �;��  �
P~CO2  5��)!� �� @
@
�� �t
)
 5�� �� �!
9 .@�)P�#��

 RJX = �<��

 �# RJX �����QCO2  ��!��<��

 �# ���)6� ;� >�

�
8b ;�< �8
��+ \B
�.@%�� �2 N4� 34
 5
29 ;�< R~�X �� �  

{
? � �!
UQ (Faqihi & Ghaith, 2023) ��� �#2023  ��

�+���6 ��!��<��

 ����� )  #�� �P�$ C�4� ��SC �P�$ � (

) �8
��+CC ����;�� ")*
� ;� @�@X _�b A� �!
9 .@�)P�#�� (

 ��
�� �� �+���6 �@82 A� \2�% ")*
� 5�� .@
#�# #�!�	
� C���6

7 Distortion 
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 ��
� C���6 ��U)
� � ;�]<� V�#�# ;� �2�< c��`)�� ���� �����#

�1���  ���� �!
9 IW+  @�� .#4� �
�<�@X �)P4� ;�< �@82 A� ��

 ;� ��
<4�X � ����� C��1P V��� ;�]<� ")*
� R4�12�
 ��	Q �Q�

.#4�  

����B�� � @�)�2 (Motamed, Genrup, & Nord, 

2024) ��� �#2024   �<��

 �+���6 ��2@
�� V��]Q� ���� ��S���

 �P�$ �# �X��P ;�< �
�P�$;�� 7��� �� � �q]X ��� �0�6 �#


@% kQ42 �!
9 .@
#4�
 �q��� ;�< 5
��4+ ��	)
� � V��]Q� �� ��2@
�� @

.@��# V��� �� �P4� O�:2 � �<#409  

{
? � �!
UQ (Faqihi & Ghaith, 2025) ��� �#2025  ��

 �;�< 5
��4+ A� ;� �X��P C���6 �
�P�$;�� #48!� �����

.@�)P�#��  �;�<  �<��

 �X��P �# ��	Q �Q� V��� ���� �!
9 IW+

 R�`2 �s� �9 ��2@
�� �� 5
��4+ ;� �X��P ��	Q 5)Q� D�� ���; ���

.#��#   

 �� �� 5� ��P�@� ���t��X �s� ����� =��0�12 5�� N�t
� ;� O@�

 V��2�< V
� �� �#��� ��	Q � �;�< 5
��4+ �X��P ��	Q �� ���4�

 ���B)�� C�2�@[� .@%�� �2 ��	Q �Q� V��� �4^���       

2- �([3+ R�E  

�� ���  �#4� D������ � C���6 �X�#  ;� �X��P ���;�<

5
� �D4��2) �;�< 5
��4+400 �0�650 �)
�� �X�# ;�  #��)�� =(#��<

 ")*
�;�]<�8  l���2����w �2 ��@���� @
04+ =5
�x�� .@%��

@�@%   #�@S2 �# �9 ��@U2 �� ;�< 5
��4+ ;� �X��P ���;�< e�4+

 ���� ��E�# "!2 \2�� =#��# ���[ ��*
� �)2W� ���� ��
�1P

 ")*
� ;�  #��)��;�]<� 5
��4+ �X��P ���;�< �2 ;�< �� @%��

�4��2=�9 YQ# ���� ��B��� 5��+  l:
��P�@��# 5� V�#�#  ;�]<�

�J<���� �2 5
��4+%��@.  

��P�@� ���t��X �
sZ+ k
US+ 5�� �#5����9 �;�< 5
��4+

#]� �8
��+ \B
�  �<��

 �� V�#�# ���# �J<���� ;�]<�10   ��� ��

 �q��� �8
��+ \B
� � �;�< \B
� �
�w� �# �# ����X ��@
2

�2.#4%  

\B
� 5
��� ��	Q  ��*[ �#);�]<� 5

�+ �# �� ��!2 VU
 (

  �<��

 ��#;���2 ����#��q9 �
? � l���2�
 ��@�� .@���2��
B�  �#

��
�� ��	Q �Q� \
�S+ lX42 �
*2 5�� �# #4X42 C�]
!t+ � ��

2 5
��4+ �	� ��	Q V��]Q� �t
)
 �# � ;�< ����X �� �)	
��#4% 

2 V��� ��  �<��

 ��#;�� ���@�# =��41� ��	Q OW)P� V��]Q� �� �B

�*2 �8*
 =5
��4+ �� �# �B
2���#42�+ ���@��9�Q 5
� �4:S2 �6

�2# N��<��# �# \B
�-9�2 V��]Q� �Q�:2 �a�
� �� ����)
 �� .@���

�2 =")*
� 5�� ��	Q �Q� V��� �� ;�< 5
��4+ �	� ��	Q ��4+

 � @�� �
0��Q ��)	
� ��	Q OW)P� �# ;�< 5
��4+ �+ #�# V���

 
8 Exhaust systems 
9 Silencers 

@��� V��]Q� \B
� ��#;�� .� ��  �W��=5 <��c�X4�� �
4  �

 �# �)P�4�B��
?2
��@ �X��� 04+
@ � �#  @%
")*  #�B��� �� ;�]<�

�]X�� ��
�5��# ��P�@� @�
�25� R��;�� ���4� � sZ+
� 2�#��J< .  

�� @%�� �+�4� �� @��� ;�]<� ")*
� �6��b  \B
�  �<��

 �#

=�8
��+  ���4� �� #��� N�E�� � ;�]<� ")*
� �X��P �# ;�< R��;��

�@82 ��� �� �P�4�B� C�4� �� ���4� �+ @�� ���6 �+���6 ���

�@82 �� � @%�� �)%�# �� #�B��� 5��)!� R��;�� l
�9 �+���6 ���

.@��
  

 @6��) #]� �8
��+ \B
�  �<��

 ;�]<� ")*
� C�]
!t+

 �!
9 ;� #4P ���6 �
*2 �# ;�< 5
��4+ ;� �X��P ;�< �� (N4)*09

�2 �48�=@��  \B% �#2-1  ")*
� C�]
!t+ .���  @%  #�# V���


=��<�� ��
�� =�#��� ��
�� \2�% ;�]<� ��P�@�5� � �n2# �+�4��# =��

V�#�# �2 �J<���� ;�]<�.@%��   

 
 \B%2-1-  ���
 ;� #]�  �<��

 �J<���� ;�]<� ")*
� A
+��% � D��

�8
�X  

 Y�X �E	`� e�4+ ;�< 5
��4+ ;� �X��P #�# N��+ @%  �� �

 #4
 VP�$�X�#��2 ;�]<� ")*
� �#��� ��
�� #��� �#4%.  #�#

��P�@� � ��<�� ��
�� ;� �48� ;� >�5��2 �n2# �+�4��# �� ��@�� 

 \B%)2-2(.  @6�� �� �2�E����C�4�  ��� ��6 �# �;�< \B
�

�2�n2# �+�4��# =@%��  �  @
P�$�� C�4� �2 ���[ �#4�� #�
<

 �+�4��# ��  @
�� #�# @�� #�@*2 �� R��;�� ���4� �� #��� �
*2 �+

 #4
 ����; �

d+ �� �n2#�X�#�k��b ;� � V�#�#  #��� �J<���� ;�]<�

4X �2.#4%  

  

10 Bypass 
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� �# ��
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��+  

 @6�� �� �2�E����C�4�  =@%�� ��� ��6 �# �8
��+ \B
�

�� �  @
P�$ �n2# �+�4��#�2 ���[ �UQ� C�4� ;�]<� �
*2 �+ #�
<

 #�@*2 �J<����4% ;� �48� ;� >� =�n2# �+�4��# ��  @
�� #�# .#

��;�� ���4� �#��� ��
���2 R��;�� ���4� #��� =R .#4%�  ;� �48� ;� >�

�@82 k��b ;� =R��;�� ���4� ���V�#�#  4X #��� R��;�� ���4� ;�]<�

�2.#4%  

�# ��P�@� =N4)*09 �;�< ���@6�� ;�]<� ")*
�5� �
*2 �# ��

�)Q�< ���[ �n2# �+�4��# ;� \8[ 5
��4+ �X��P ;�< ��
<���[  4S
 .@
�

��P�@�5� \B% �# D�� ���
 ;� ��2-3  .���  @%  #�# ��	
 

 #]� �8
��+ \B
�  �<��

 �;�< 5
��4+ �#��P�@� l:
5� ��

 � R��;�� ���4� ��� �� �X��P ;�< �
*2 �# �� �# ��  @% {���
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�
E� ���[ �J<���� ;�]<� �<��

 �# �2� � @�@X ����
")*�� �

�P�@� �;��2� ;�]<��5� \P�# �� ��V�#�#  �t��X �J<���� ;�]<�

 @%�2 {��� ���t��X 5�� .@
�  �<��

 �� �2�E�� #4%�� C�4� 

 ��6 �# �;�< \B
� �!���#���2 � 5
��4+ �X��P ���;�< � @%��

�2 ���@� 4X ��� �� �;�< �X��P ;�< �
*2 �# =@
4%���4^�2 

�2 ���[ �@� V��� .@
�
<  

# �x
9= @29 �0�U2 5�� � ��P�@� ���t��X ��B2� �����5� � ��

 5
��4+ ;� �X��P ����X ��� �!
9 OJ6 ;� �%�
 ��	Q �Q� V��� �s�

 ;�]<� ")*
� ��@�� _W�� ��B2� @6 �+ � R��;�� ���4� �� �#��� �

���4^�2 �P�4�B�  .@%�� �2 ����X �@%  

3- \]��-+ \�.���+ � 2��
  

 C�8��S2 N�t
� � \
�S+ �# �X4+ �� ;�]<� ")*
� ���# ����X ����

 ��M*2 �B�]
Q e���% ����Q��� ��� �)Q�< C�4� ��;: 

•  "��6 CD#��2����X ����=  �)Q�< �^
 �# ��J��
 "���+

.���  @%  

•  ��@��� �0�6 e���% �# ����X.���   

•  ���� C���6 �X�# �# � ���s =��
� �+���6 ��4P

")*
�  .���  @% �)Q�< �^
 �#  

• �@2;��� �)�%9 ����X @2 ;�  #��)�� �� �k-ε  #��@
�)��

���  @% N�t
�.  

•  ;�sZ+
�  ��~�X ���

O���^
 .���  @% 

 
11 Navier Stokes equation 

•  "
U)*2 �  @% �E	`� #��� ;�< 5
��4+ �X��P ����X

��
 ;�]<� ")*
� #��� �# ����X VP�$ ;� �J0 #4%

 ;�]<� ")*
� �#���O���^
 .���  @% 

• ����
 CD#��2 \2�% ����X CD#��2- �0�6 �# >�4)��

��  �@�� ��@��� �0�6 #4� � 0#��2 ��  ���� ���  �E)�4
�

����� ����X ��  @% .@
��� CD#��2 5��C�4�  _�% ��;

 @%  #�#.@
�   

 ��J� "���+ CD�
� ���� �+���# C�:)`2 �# N�X ��U� �0#��2

��C�4� �2 ��;: @%��  

 
)3-1                                                                                             (��

�� + �
��� (���) = 0 

   )3-1                                                                                             (

e�4)2 �0#��2>�4)������
 �
�2;  @% ��
<11  �� O���2

 ;@04��� e�4)2 CD#��2 A*
�
�4� l��U+ ���C�4� �2 ��;:@%��  
)3-2                                                                                             (���

������ = 

− ��
��� +

�
��� �(� + ��)(������ + ������ )� 

 

D�� �0#��2 �#µ ��
� �B
2���# �X]0  @��# ��	
 ،P  ��	Q

 �  =�B
+�)��µt .��� �E)�%9 �X]0  

 �# �@2 ;� V���� 5�� �#�0#��2� �k-ε   @%  #��)�� #��@
�)��

.���  
)3-3                                                                                             (��

�� = 1
�

�
��� �����

��
���� + 

																																				��� ������� + ������ �
������ − � 

  
)3-4                                                                                             (��

�. � = 1
�

�
��� �����

��
��� + 

																							!"���
�
� ������� + ������ �

������ − !#
�#
�  

 �#�4Q �1���  �X]0) �E)�%9tµ( �2 �8��S2 ��; �1��� ;�#4%:       
2

=t

C kµ ρ
µ

ε
  

 D�� e���� �#1C =2C= εσ =σ k �C µ  ���s l���w�2 .@�%��

��@X �# l���w 5�� ��@U2 3-1 .���  @%  #�# ��	
  

  
 ��@X3-1 ���s ��#�U2 .�@2 k-ε 

εσ  kσ  2C  1C  C µ  ���s l��w 

3/1  1  92/1  44/1  09/0 ��@U2  
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 #�� �� \`�`)2 e
S2 �;����C�4�  I�� �@2 =�@�� A�

\`�`)212 �2 ��# �� =�)�
Q) �;�
 �2�`w �#�� �@2 ���� �� @�9

���4� �S���S�� �
6�
 A� �# (... � ��#�2  #��)�� �� 5�� �# .#4%

��
 �)Q�< �^
 �# C���6 ��U)
� �
6�
 �
6�
 5�� �# ��	Q �Q� .#4%

�� �)*���  =(v1� �6�*2 \� �� ;�� v1� �6�*2) \`�`+ l��w

�2�`w �S�� �2 ��
� ���� � �# ��	Q �Q� .@%���S��A8	2 � 

�2 �8��S2 ��; �0#��2 e�4+:#4%  
)3-5                                                                                             (∆� = −(�%� + &'(��

#
2 ) 
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#��� =D�� ��� �� �� V�#�# J<���� ;�]<� � >n� �  @%
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�2 =#�42 5�� ����� ����]2 ;� ���; ��� ���]� �@
�� \[�@6 �� ��4+

 �#�B
 �

d+ � (���<��

 C�]
!t+ �P�� � �
��+ ���]� �#4� D��)

b .#��  ��%� (...� ��B�� =�� =���<��

 C�]
!t+)  �<��

 ���� �6��

  @% �)�< #��42 �� �X4+ �� �0�P ��}Q ;� e��� u��`2 ��; ��
��

��P�@� @�@X ��B2 ����5� @�@X ����
�X �� ���  @%  #��)�� ��

��P�@�5� \B% �# ��5-7  .���  @��	2 \��[  

��P�@� ���t��X ;� >�5� �# ��
�2 �8
��+ \B
� ���� =��

��
 ;�< ����X �
*2 �b�*8
� ��
�� ;� �48� ;� >� ;�< ����X � @%��

�2 R��;�� ���4� #��� �n2# �+�4��# � 5�� ���� ����X u41P .#4%

 \B% �# �
�w�5-8  ���� ��� �# ;�< .���  @%  #�# V���


 ��
����C�4� ���6 R��;�� ���4� ��� �� �P�4�B� �2 �2� .@��

�
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 �# �4:P �� � ��
�� �$ ��� �# ����X ��
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 \B%5-7- ��P�@� ���t��X �� �J<���� ;�]<� ")*
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\B  ���t��X ;� >� �8
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