
 

 
 

 

 

 

 �
��

��
 �

��
�	

 
�
��

�

� 

�
�

�
��

� 
��

�
�

8
0

 �
��

 

47

 �
��

�	
 


3
 
�

��
��

 

13

96
 �

!
"#

 

8

7
-

94 

*  :�����	
��� 
�� ���� ������ ������ �������m.hasanpour@eng.uk.ac.ir 
 :
 ���� !����09/11/94                                                    

 :'	�(� !����29/02/95 

%�� &'�� ����( ) *���+, ��-��. 
&'�� /��  ����0&��	�12  '3 �4�"5�3 �( *67 �!"#

�8�8, &�9:5�3��� �( ��5�; <5��1=-3  

  

���-3�>? @�, A+,  ������
+� �,����� �+��-� ��	. /�0�� � 	12 ��� ��34���� /�	�� �/�0�� �  

�1� A+, <�:�*         5�04����+��6��� �6�� � �,����� �+��-� ��	. ��34���/�	�� �/��	� �/��	� 	�7�8 ��-6  

 

���
C   

 9�� �����:� ;<= 
>� �?@A 5��6��B ����� C��  5D�+���
2� ���� 
+� �8 C�� �  �0�+��6 .
+�  �8 FG+ ��	= �8� �+ 5�	8 
�+��H I����� JK
>�

 L�1/0 �2/0  ���/s 3/0 �
B��	� ���� ��
B�+ 	��N� 	�OP� � ��6 ;<= �+��7 Q�1>4� ��7 ;<= ��
B�+ ������  R�	S � LT�= �?@A U��. R�	S � �����

�4�6 V6�� U��. ��6 �+�	8 ����������	� ��D�8 5�� 	8 5�  ���-8 ���:� �� ����� /�4� 
�+��H I����� W��
� .
+� ;<= 5�7	
����� D� �B	8 5�	8 5�  �����

;<= X	2 � C�Y �K<= D�  �8 .���� ��=� ����� ���4�8 ��Z�� ;<= ��D�8 5D�+ ���� ���[� U��6 �H�	Y 	
����� V6 ������ ���� 	\] ��7 ;<= C�Y ��7  ������

;<= X	2 ^��2 
��>S ������ ����=  ^��2 
��>S � 5�	8 ��] �+ 9��_<7 � ���
?�5��	. C�:
�� `�7� ;<= �K�+� �8 C��+ �8 ��6 U:
��  
��� ������

;<= �=�	B � 5���� C��+ 5��� ab
B� � 5��[8� �
 	. ��� �8 ����� ��6  �8 �:�:H 5�7	
����� �8 ,�
�c d
���3�� D� 9��_<7 .
+�   /���� 
+� �8 ��Z��

;<= ���-8 ��D�8 ��6 ���@
+� �����  � 
+�
�W��  ���-8 �H�	Y��6 �e��� /� �8 	f��
� 5�7	
����� ��	<7 �8 
+����-8 W��
� . �� /�4� 5D�+  �� ��7� 9�	
-8

 ���� 9�� �� 9�<� ��D�87362/0 ��  FG+ .�6�8 ����	 ���-8  JK
>� ��	= �8� ��-i 5�	8 5D�+1/0� 075/0 �050/0  �kg/s 025/0 �
 	. Q��A .
+� 

;3)� &�9 &���0 :;<= ,�
�c d
���3�� �
�+��H I����� �����	. ��D�8 �
>� �?@A 5��6��B ����� .�:�:H 5�7	
����� �8  

  

Modeling, Sensitivity Analysis and Optimization of Flat Plate Solar Collector Using Real 
Parameter Genetic Algorithm (RPGA) 

 
H. Hajabdollahi                Department of Mechanical Engineering, Vali-e-Asr University of  Rafsanjan, Rafsanjan, Iran 

M. Hasanpour Department of Mechanical Engineering, shahid bahonar university of kerman, kerman, Iran 

 
Abstract 
In this paper, flat plate solar collector is modeled and verified. Then, the sensitivity analysis for three different water mass flow rate 
including 0.1, 0.2 and 0.3	��/s are performed and the effect of tubes size, geometrical characteristics of collector, collector structure 
and absorber plate emissivity and cover emissivity on the thermal efficiency are investigated. The results of sensitivity analysis 
revealed that by increasing the water mass flow rate the collector efficiency increases. Then optimization is performed by 
considering collector efficiency as objective function and by selection of seven design parameters including number of tubes, tubes 
diameter, collector length, collector width, edge insulation thickness and bottom insulation thickness and three constraints including 
the rate of heat transferred to the fluid by the collector, aspect ratio and fluid temperature difference in the inlet and outlet of the 
collector. To obtain the optimum value of collector efficiency, Real Parameter Genetic Algorithm (RPGA) is used and the results of 
optimum design parameters and objective function are presented. Optimizing results show that best possible efficiency is 0.7362. 

Finally, optimization process is done for three different mass flow rates and results are reported. 
Keywords: Flat plate solar collector, Thermal efficiency, Sensitivity analysis, Real Parameter Genetic algorithm.
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 9�8 5����D0  ��75 �� ��+�?� 	�D Q��A �8 �=����6 ]13[: Nu> = 1 + 

1.44 R1 − 1708'sin1.8β*�.�Ra	cos	β Y º1 − 1708Ra	cos	β»� 

+R�Ra	cos	β5830 ��/� − 1Y� 

)25( 

%  �$¼ ;<= ����D  9�� + /��� 5��[� � ��
�7 �K��� ��2 � �����

 
��� 	���:� �-�� �� 
+�Qb<=  ���@
+� U8�] �6�	� UB��

 .��
�7  

;<= ��D�8 /���� �� �� ��+�?� 	�D Q��A �8 ����� :��	.  

η456 = Q2I
A456 )26(  

 

3 - �8�8, &�9:5�3��� �( ��5�; <5��1=-3 

j�<[�˝  ,�
�c d
���3�� D� �+��-� Ue��� D� 5����8 ��

������1 �� ���@
+� D� ���@
+� ��� .��6GA  ������ 5�}  ��

9���� .���� ��<2 C��6� �� �
+��� 5�0
�= 9�� �8 ��8	� U�4� 

 ���2� ���<� ���8 ���2� �B	8 �� �eI= 	��N� 5�	8 �� 
+� ���� 
�8

b��� 	Z�˝ 
+� ���3�+ Q��+�?� �8 D��� �� ���� 	��N� ]15[. 

�� �� ������� v�2 v�� C��6� !+�� 5�	8 ���>�� 
]� ���. 	7 9
6

 �8 ,�
�c d
���3�� D� �Qb�4� 9�� 	8 ��K� 5�	8 .
+� ���-8

 �:�:H 5�7	
�����(RPGA) �� ���@
+�  9�8 ��<2 ab
B� .��6

                                                           
1Binary  

U¢ = 1/½R� +¾R�,=¿À

=Á� Â 
)18(  

R� = 1/«h�,			4~> + h±=^�¬ )19(  R� = 1/«h�,			A~4 + h4,			A~4¬	 )20(  
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 ,�
�c d
���3��������  
+� V-= � U�� ����� 	3K<2 �� �:�:H �

/� 5�� 	7 �� �<�:
�� �7˝ 2� �:�:H 5�7	
����� 5�� 	8 C�<

�� �� 	3K<2 �
:�:H �� .���6 �8 ��8	� 5���	8GA �� �PRGA 

��6 a(H���-8 Ue��� � 
+� �8 ����:� �� 5D�+GA  v�. ,�

���+ �� ��� a�7 ;8�� 	���:� �8 L�>
�� 	3K<2 /�i .
+� 	� 	7 ����

 �� �� �� �� �8�>
�� 	3K<2GA ������  �� ��	�. ��	] ���@
+� ����

PRGA �� I�� .�	�. ��	] ���@
+� ���� �����  

  

4 - ��>5?3 /�� ���� 
�8 ���
2� ��Z�� ����:� �C�� �0�+  �8 5�]12[  Q��A

�
 	. �
 	. ��� �8 	���:� .
+�  	���:� �8 ���:� 9�� 5�	8 ��6]12[ 

��6 ����:�  �8 ��8	� 5���� 	���:� .
+�]12[ C��= �� 1  	�T

��6 �=�	B 9��_<7 .
+�  � ��6 	�T C��= �� I�� 	f��
� 5�7

�=�	B 9�8 ab
B�  C��= �� �72 ��6 /��8 .
+�  

  

 /)��1- %�� M�O6P� 	�12 ����0&�� �Q-�H� 4�1�  �4]12[  

	
�����  	���:�  

;<= |\+  ����� (m2)  14/9  

 L� ��	= �8� (kg/s)  0087/0 

;<= C�Y  ����� (m)  1  

 ��8 
2	+ (m/s)  25  

;<= ����D  ����� (°)  20  

 k�?� 5��� � C��+ 5���� (K)  300  

 �?@A 
��>S (mm)  2  

UA�H ���2 R�	S 	O�� L	S -  L(= R�	S (-)  84/0 

 LT�= �?@A U��. R�	S (-)  92/0 

 V6�� ���2 R�	S (-)  88/0 

 �
4� ^��2 
��>S (m)  08/0  

 ����= ^��2 
��>S (m)  04/0  

����	. �����+�  LT�= �?@A(W/m K)  384  

����	. �����+�  ^��2 (W/m.K)    05/0  

 LT�= |\+ �H�� 	8 5���B	8 5��6��B 5c	�� 

( W/m2)  

500  

���� I�	� �� I�	� �KA�   �7 (m)  15/0  

���� �KB�� 	\]  �7 (m)  04/0  

 

5- *���+, ��-��. 
 ����������	� ��D�8 5�� 	8 JK
>� 5�7	�N
� 	�OP� V>8 9�� ��

�
 	. ��	] �+�	8 ����  �8� �+ 5�	8 
�+��H I����� .
+�1/0 �2/0 

 ���/� 3/0 ��6 v�0��   U��2 �
+� ��-i 5�	8 I����� 9�� .
+�

 :
+� 	�D u	6 �8 W��
� � �
 	. Q��A JK
>�  

  

• �-1- ��52�� �9 

���� ���[� V��I � �8  U�6) �72- V��I � ��D�8 (J��

�
 ��  �8 9��_<7 .
+����� 	\] V��I �  U�6) �72- 5�	8  (L

�8�  5�73/0  �ÃÄ/Å 2/0 �
 �� V7�� ��D�8  9�� 
K2 .
+�

�� V7�� D������ �	\] V��I � �8 �� 
+� 9�� V7��  .�8��

 C�:
�� R�	S V7�� R=�� D������ V7���
 	<7 5��	. 

 �0�
� �� � ��6 LT�= �?@A � V6�� 9�8`�7�  C�:
����	. 

� V7�� ��@��  �8� 5�	8 ��� .�8��ÃÄ/Å1/0  �� 	\] V��I � �8

 ���H �8 /��+�mm 6 V7�� �
 ��  /��+� �� FG+ � 
+�

 	\] �8mm 7 V7�� ��6 �ZHb� 5	����6  	\] D� �[8 .
+�

mm 7 �
 �� V��I � ��D�8 ���8�� .
+�  
  

 /)��2-  %�:� '3 :U��5� V��5� ) /�� ��):2 A�(]12[  

(%) ab
B� 	S�H ���  ;=	�]12[  �=�	B 5�7	
����� 

3/4+  8809/4  6797/4   �K� 5��	. ab�� R�	S(W/m2 K ) 

51/3-  3/2064  4/2139   ��@� ����	. �	-8(W) 

51/3-  452/0  468/0  ;<= ��D�8  ����� (-) 

7/2-  27/330  43/339   LT�= �?@A 5���(K) 

  
J�� 

 �� e¡ 
L 

 b	'MM* 
 L
	2- %�� &�9 �-1- ��52�� :��W7 :X3 Y. �4'�( �4 ����0  

�4'�( &)� :( �9 �-1- 43�Q7 :��W7 :X3 ([-3 

 :H\ F�3�I3 :X3 (J�4'�( &)� :( �9 �-1-  

  
• %�� ����9 M�O6P� ����0 

;<= C�Y V��I � �8  U�6) �����3- C��+ 5��� � (J��

 
K+�� � �K��� ��2 �V7�� �<0H ������ R�	S �V��I �

 C�:
�� R�	S �V7��5��	.  ��D�8 �0�
� �� � V7�� U�

�� V��I � ;<= C�Y V��I � �8 �	3�� ���+ D� .�8��  �����

 C��+ 5��� k�?� �8 C��+ 5��� ab
B� �0�
� �� � V��I �

�� V��I � a�	Y�  � Q� b�� V��I � R=�� ��� ab
B� 9�� .�8��

 ��D�8 Q�	��N� �� �]��
� Q�	O� 9�� .�6 �7��B ��D�8 V7��

 
-= �� ���= �� 
+� 9�<� Q�	��N� 
K2 9�<7 �8 .��	O��
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����?� �� � ��D�8 V��I �  /� V7�� 
-= �� 5� �� .��6�8

9�� �
 �� V7�� FG+ � V��I � ��D�8 ��
8� �=  V��I � .
+�

;<= X	2  U�6) �����3-;<= 	O�� |\+ I�� (L  �� �����

�� V��I � �� 	O� �	� 	7 ��D�8 5�� 	8 9��_<7 � �7�  .���(.

U�6 �� ��=�� ���4�8 ��:�  U���2 ��}
� ��O� ����	8 �7

 ��D�8 ��
8� t�<0� �� .
+� JK
>� V7�� FG+ � V��I �

�
 �� ;<= 
��>S V��I � .
+�  U�6) �����3- R=��  (�

��6 ��D�8 �\B V7�� .
+� 

  
J�� 

 ÆEFG 	'M* 
L 

 ÇEFG 	'M* 
� 

 ¸EFG 	'M* 
 L
	3- %�� ����9 M�O6P� :��W7 :X3  �4'�( :( ����0

Y.  

%�� /1] F�3�I3 :X3 ([-3 �4'�( &)� :( ����0  

 (J%�� ^:? F�3�I3 :X3 �4'�( &)� :( ����0  

%�� *��6_ F�3�I3 :X3 (@ �4'�( &)� :( ����0 

• %�� ��52�� ����0  

;<= ����D V��I � �8 U�6) �����4- �	� �
K+�� ��2 � (J��

 C�:
��5��	. �� V��I � ��D�8 � ��@�  V��I � �8 ;]��  �� .�8��

β C�:
�� ��
 	<7 5��	.  �8 ��: � 
>� �?@A ,� 5�� ��D�

 C�:
����	. �� U���� 5��<2 
>� �?@A ,� 5�� 	8  .��6

 U�6) ^��2 
��>S V��I �4- V��I � R=�� (L`�7� 

 C�:
����	. �� ��D�8 � ��@�  V6�� 9�8 �KA�  V��I � �8 .��	.

 U�6) LT�= �?@A �4-�� (� m 02/0  �
 �� V��I � ��D�8

 �8 /��+� �� FG+m 03/0 �
 �� V7��  ��D�8 /� D� �[8 .
+�

��0��V �	�� ˝ا�I � �8 t�	6 .
+� 
J�� 

 β	'°* 
L 

 ¸KÉF	'M* 
� 

 ¸O~E 	'M* 
 L
	4- %�� ��52�� :��W7 :X3 Y. �4'�( &)� :( ����0 

%�� ��)3' :X3 ([-3 �4'�( &)� :( ����0  

%�� *��6_ :��W7 :X3 (J �4'�( &)� :( ����0  

(@ �4'�( &)� :( J`�� �!"# ) F	1� A�( ��#�I :X3 
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• L�+E a�:_ 

 U�6) LT�= �?@A U��. R�	S V��I � �85- � (J��

�
 �� V7�� �\B Q��A �8 ��D�8  U��. R�	S V��I � .
+�

 U�6) V6��5-��6 ��D�8 �\B V7�� R=�� I�� (L .
+� 

 

6 - ��b+� &�9��\ ) �,3:] &�9:5�3��� 
���-8 
<�] 9�� D� a�7 ;<= 5D�+  .
+� �+�	8 ���� �����

���� ���[� ��Z�� 9�� 5�	8 ���� 	\] ��7 ;<= C�Y ��7  X	2 ������

;<= ����= ^��2 
��>S ������ �8 ^��2 
��>S �  5�7	
����� /���2

�
 	. 	Z� �� �H�	Y ��6 .���  ����	  5�	8 	�D 5�7��] 9��_<7

���-8 :��
�7 u	\� 5D�+  

J�� 

 ­O 

L 

 ­E 
 

 L
	5- %�� �4'�( &)� :( L�+E a�:_ :��W7 :X3 ����0  

�4'�( :( J`�� �!"# L�+E a�:_ :��W7 :X3 ([-3  

�4'�( :( F	1� L�+E a�:_ :��W7 :X3 (J 

  
• 5��	. `�7� �8 C��+ �8 ��6 U:
�� ;<= �K�+�  �����

)Ê2U]��H �(	Ç 200 :
+� Ê2 Ë 200 )27(  

   

•  D� 	
.�I8 5��[8� 
���25/1 :
+� c −bb > 1.25 )28(  

•   D� 	
4�8 �=�	B � 5���� L� 5��� ab
B�Ì 5  

:�6�8 

JF − JK > 5 )29(  

 

7 - &4�1� �Q-�H� 
C�� ��+�	8 9�� �� ���-8 � 5D�+ v	� ,<� �8 5D�+  ��I �

MATLAB ���4�8 5�	8 .
+� �
 	. Q��A ;<= ��D�8 5D�+  �����

 �8� U��6 �H�	Y 	
����� 
@7 �
>� �?@A ���[� �L� ��	=

���� ���� 	\] ��7 ;<= C�Y ��7 ;<= X	2 ������  ^��2 
��>S ������

����= ��6 �
 	. ��� �8 ^��2 
��>S �  � �H�	Y 5�7	
����� .
+�

/� Q�	��N� �D�8  C��= �� �73 
+� ��6 �e���. 

;<= ����D  � 
8�O �����°32  	-6 ���� �	N= X	2 �8 	8�	8 �

�0�� �) �+�	8 ������6 X	  (/  9��_<7 .
+�V8��  5���� �K�

 �8 	8�	8V8��  � ������
+�c M��1000#� = ��6 X	   .
+�

;<= 
��>S  R��	� �8 LT�= �?@A � �����75 � mm5/0  	Z� ��

��6 �
 	.  U��. R�	S � ���8 F� F�= D� LT�= �?@A .
+�

 R��	� �8 V6�� � LT�= �?@A92/0  �mm  88/0 �� .�6�8  

 

8- ����( &'�� 

8 -1 - ����(  &�9:5�3��� A5I:E :c� �4 :�W5� �( &'��

�,3:] 
 �:�:H 5�7	
����� �8 ,�
�c d
���3�� D� ���:� 9�� ��(RPGA) 

�8 ���4�8 ��Z�� ;<= ����	. ��D�8 5D�+  ���@
+� ����� ��6  .
+�

���-8  5�	8 5D�+300 ��6 v�0�� �����  D� �+�	8 ���� 
�[<= .
+�

 ��[8�100 M=U�� ����� C�<
H� � 9/0 =P4   V-= C�<
H� �05/0 

=PÍ ��  U�6 �� ���-8 ��D�8 W��
� .�6�86 ��6 ���� /�4�  .
+�

�� /�4� ���-8 �0�
�  ��D�8 9�	�j�8 �� �7�7362/0 �� .�6�8  ;�D��

 C��= �� ���-8 5�7	�N
�4 ��6 �e��� .
+�   

  
 /)��3-  �,3:] &�9:5�3��� M3:��W7 �4)�!� 

 �H

9���� 

 �H

j�8 

	�N
� 

05/0  2   L� ��	= �8�(kg/s) 

2 50  �7 ���� ���[� (-) 

005/0 03/0  �7 ���� 	\](m) 

2/0 2 ;<= C�Y ����� (m) 

2/0 2 ;<= X	2 ����� (m) 

02/0  05/0   ����= ^��2 
��>S(m) 

02/0  15/0   ^��2 
��>S(m)  

  
  
7-2- ����( &'�� J. [�56� ��:� �(4 �� �( 

���-8 �V>8 9�� �� ;<= ��D�8 5D�+  5�	8 
>� �?@A �����

 L� JK
>� ��	= �8� ��-i1/0 �075/0 �050/0  �ÃÄ/Å 025/0 

�
 	. Q��A  U�6) 
+�7���-8 W��
� .( �� /�4� 5D�+  �8 �� �7�

;<= ��D�8 L� ��	= �8� V��I � �� V7�� ����� 
K2 .�8��  	�� 9��

 �  5����  L� 5��� ab
B� �L� ��	= �8� V��I � �8 �� 
+� 9��

��	� ���� V7�� �=�	B  �8� V��I � �8 �� 
+� 	�T �8 vDj .
+�
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5�] �<� �8 L� ��	=  V��I � R=�� �
��� �� 
+� D��� I�� 5	�

���I7 .�6 �7��B �7  

f 

 
 ÎOFO	 
  

 L
	6- %�� ����( �4'�(  ����0*67 �!"# &��	�12 

  
 /)��4-  �,3:] &�9:5�3��� ����� �3�8�  

�H�	Y 5�7	�N
�  ���-8 ���:�  

 L� ��	= �8�(kg/s) 0538/0  

(-) �7 ���� ���[� 1277/17  

�7 ���� 	\](m)  0050/0  

(m)   ;<= C�Y �����  3255/1  

(m)  ;<= X	2 �����  2139/1  

(m) ����= ^��2 
��>S 0500/0  

(m) 
��>S ^��2  1500/0  

  

  

f 

 
 ÎOFO	 
  

 L
	7- %�� ����( �4'�(  �( *67 �!"# &��	�12 ����0

J. [�56� ��:� �(4 ���C &3'3 
 

9- ����5&:�E 
;<= ����:� 9�� �� C�� 
>� �?@A 5��6��B �����  .�6 5D�+

 L� �8� �+ 5�	8 
�+��H I����� FG+1/0 �2/0  ���/s 3/0 

 	�OP� � 
 	. Q��A���� ��
B�+ 	��N�  �+��7 Q�1>4� ��7

;<= ;<= ��
B�+ ������  � LT�= �?@A U��. R�	S � �����

�4�6 V6��  I����� W��
� .�6 �+�	8 ����������	� ��D�8 5�� 	8 5�

 ��D�8 V��I � R=�� L� ��	= �8� V��I � �� ��� /�4� 
�+��H

;<= �� ����� �8 .��6 ���4�8 ��Z�� ;<= ��D�8 5D�+ �� 
@7 D� ����

���� ���[� �L� ��	= �8� U��6 �H�	Y 	
����� ���� 	\] ��7  C�Y ��7

;<= ;<= X	2 ������ ����= ^��2 
��>S ������  ^��2 
��>S �

�8 �:�:H 5�7	
����� �8 ,�
�c d
���3�� .�6 ���@
+�  
+� �8 ��Z��

;<= ���-8 ��D�8 /���� �
 	. ��� �8 ����� .�6 

  
10- �94��� 
A   
H���'M�*  NO  C��+ �x�� 5��	.(KJ/kgK) 

D  	\](m)  f ) l��\A� R�	S-(  PQ  ��
�� 5��	. ) ��6 U:
��-(  

ℎE,O~E  C�:
�� R�	S�
 	<7 5��	. LT�= �?@A -  V6�� 'W/m�K*  ℎgt  C�:
�� R�	S��	.5 
 	<7�  ���� 
<+'W/m�K*  

ℎ¨,E~L 
 C�:
�� R�	S�48�� 5��	. V6��-  k�?�'W/ m�K*  ℎ¨,O~E  C�:
�� R�	S�48�� 5��	. �?@A- V6��'W/ m�K*  ℎ¯Kh°   C�:
�� R�	S��	.5 
 	<7� ��8 - V6��'W/m�K*  I  ;4[4�'c M�� *  IÐ  t�<0�V8��  �����	� � d�:
��'c M�� *  

k ����	. �����+� (W/mK) M2   C��+ ��	= �8�(Kg/s) 

N  ) ���[�-(  �¹L 5�	8 
K+�� ��2 ) R�6 ����D -(  Pr ) U
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