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Thermal performance enhancement of solar air heaters by using transverse ribs and 
determination of optimum arrangement of the ribs 
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Abstract 
In this paper, performance of a solar air heater has been investigated by using of transverse ribs. For this aim, the governing 
equations for fluid flow including mass, momentum and energy conservation laws have been solved by Fluent software. With 
respect to having turbulent flow in solar air heaters and noticeable portion of radiation in heat transfer, turbulence and radiation have 
been considered either and for finding best models for turbulence and radiation, results have been compared with previous 
experimental studies for solar air heater without ribs. Then effects of parameters such as existence of ribs, changing effective heat 
flux, geometry and arrangement of the ribs in different mass flow rates, have been studied by using of obtained best models. The 
results confirmed enhancement of thermal performance by using of transverse ribs and illustrated that wedge shaped ribs have the 
best thermal performance among the investigated geometries. In addition, optimum arrangement of the ribs is different for various 
Reynolds numbers. So that in low Reynolds numbers optimum gap between two adjacent ribs is more than it in high Reynolds 
numbers. 
Keywords: Solar air heater, Transverse ribs, Periodic flow, Thermal performance 
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,� ���� �:	S� ��/�:]16[.  h��	/ 
?�L �� ;�=4	� �;4	�

 8���� � H�:Wall ��/ �
 	. 	D� �� h��	/ �� ���3:�� ��� �=����� �

�� B��^: 0�� �F�	< � ;���� ;�=4	� .�/�:�:����  Z�	I� ���7
��

��/ h��	/ 
?�L �� �����R: ����:����  ���0.Specify Mass Flow 


��1 ;�	: ��/ ��,�\� ��	F �:� � J�I  � 4������ ��@ Z>
[� ;�=

������ �	.  .
,� ��/ ���� Z>
[� ;�=���/ �:��	F �:� 8
 �� ;�	:� 

��������= 	RL  h:��� 4� e��	
: 6��	F 
@	, �D� � Ra
b  �V � c!∙d

�∙ef
 

                                                             
1 k-ε ,RNG ,Enhanced wall treatment 
2 Discrete Ordinates 


,� ��/ ��,�\�  J��F)3 �� ��������= 	RL .( ���/ 6��: 
��1

 W��	7�4 ∙ 615e � 2 m �� �  	:�	: ���/ ;���� 
��14 ∙ 272e � 2 m 

���/�:. :�F�� � �:  �: ��= ���2r 	��X������ B�	��X�  � ��F� 
>@ �:

�I��O ���S:�F���2r � e�	7� 4� ���9
,� �: ��= Boussinesq  ��,�\�


,� ��/. b��F 8
 �� ;�	:]�L� ;�=	��  4�Gradient Adaption  ;�	:

���-:6����	. ;4�, ;�= B�/ � ����� �/	: P�� �
@	, ����

�2
9/�  .
,� ��/ ���9
,� 	���7�Angular Discretization  ;�	:

Theta Division  �Phi Division 	:�	: �: 2  ;�	: �Theta Pixels  �Phi 

Pixels  	:�	:1  ����/ �
 	. 	D� 
,� . K��� BH��I� K1 G
���2��

��3  -  �
@	,SIMPLE ��.�/�: �
��. ;�	:  ;4�,3
>@ �: �� 

���2r B�	��X� 4� J��, '�� PRESTO! 
,� ��/ ���9
,� �� K��� 

6� ;�-:��F e,��� 8�� '�� �� ;����� 
,� �� ;�=�	�� ;����/ 

��;�� 
�?=� ����/�: .�
��. ;�	: ;4�,���S:�F B5?F 0��  4�

Second Order Upwind .
,� ��/ ���9
,�  ���: ]>R� ���	2?= ���I�

 � 	���7� N�
���� � �2
,��� BH��I� ;�	: ���	2?= 
L�1e � 05 �

 ;M	��1e � 08 �2
9/� �1e � 02  �P:�� 1e � 06  �
 	. 	D� ��

.
,� ��/  
  

K&�� 1-  

+-�. M,2:8)�;F�� �( �9.� ��
� (,2�  

��=  

1.225 ���2r (kg ml⁄ )  

1006.43 ;��	.  �}��(j kg. K⁄ ) 
0.0242 ����	. �����,� (W m. K⁄ ) 

1.7894 \ 10rs 
F0� (kg m. s⁄ )  

0.2  b(F e�	A(1/m) 
0  �.����	� e�	A(1/m) 
1 
��/ e�	A  

bg�F �\9C  

1  b(F e�	A(1/m)  

c�9/ P/��  
0.05  b(F e�	A(1/m) 
0.95  �.����	� e�	A(1/m) 
1.526 
��/ e�	A    

  

  
 C
�2-   ), N&��9� 
�/� & 
4�/� ���� 8,�,( 8����2: 1
�/0,2%

��� K�� 8�4� &( 8��� & O3  
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 C
�3-  ��,2H/P ���� Q,2�, 1
�/0,2% �( �9.� ��? �� 
6/7 8�%

8����2: 
  

K&�� 2- ���� (�4�,�(��9�, (�2� 8�%  

��I:� ���/ K�/ 

2  	
?�>��⤬ 2 	
?�>�� �I:	� ���/  

2  j�9��� 	
?�>��⤬ 2  ~�0: ��@�L 	
?�>��⤬ 1 

+r�� ��@�L 	
?�>�� 

;� �7�4�g ���/ 

 	RL2 	
?�>�� ;�	��� ���/ 

4  ~�0: 	RL 	
?�>��⤬ 2 +r�� 	RL 	
?�>�� ;�i�: �?�� ���/ 

2  ��@�L 	
?�>��⤬ 2 j�9��� 	
?�>�� ��. ���/;�  
  
  

K&�� 3- /� 
�( & R7/� /+(�B�
� S�9T� )�F2�+� (,�7, �(  

mu  V  
Re  

���/ ;����  ���/ 6��:  ���/ ;����  ���/ 6��:  
0.008669  0.008723  1.0257  0.9495  3000  

0.01734 0.01745  2.0514  1.8989  6000  

0.02601  0.02617  3.0771  2.8484  9000  

0.03468  0.03489  4.1028  3.7979  12000  

0.04335  0.04362  5.1284  4.7474  15000  
  
  

3 -  U�� & V+�9�  
 �: �F�� �: ����� ��4�:����	.  ;��/��< 8��	.��= �R:��

 ����� 
>,�� ��@ �: G�7
����,� 8�?= 	:�  �,�	: ;�	: ����� ��

 ��4�:����	.  
>,�� ��@ ;��
,� ��/ 0�	?�.  
  

1 -3-  �
E� ), KWB9�, 
��/�  

���/ 4� K1 J57
,� �,�	: ;�	: �;��:�: ��:	� 
>,�� ���@� 

�7�4�g ���/ ;���� 
��1 ;�	: �I��R� ���� ;��/��< 8��	.��= � ;�

0��, ;�	: Z>
[� ;�=���/ � 
,�:� �� �I��R� 4� KC�1 Q��
� �: �

 ;��@]16 [
,� ��/ ����7� ��  �� Q��
� 8��" K�/4"  ��/ �s���

.
,� �� 8�� ��I��R� ���/ 1 	
?�>�� � y+  ���1 2� ;���� 
L� 

��,��� ���: � �: 6���@ ���/ ���� ���9
,� �� ;4����� ;��@ 


,� ��/ b�[
��. 
  

  
 C
�4- �
E� ), CH KWB9�, 
��/��),��, 8,/� 8��� S�9T� 8�%

 �( *�����&3 (/0 �B�)&Y ���� 8,�,(8,  

  

2 -3-   & 
Z9��3 K�� 1+/9�� N�T9�,*��5  

8��	. ��= �� J��, 6��	F ��/ ���/� `5�L �� ��R��?= ;�=

 ;��/��<J���
� ���@� 8�: � �
9/� 6��	F ����\� �� `H�?I� �

 4������3000 �� 15000 �� �/�:]1[K��� 8�?= �: .�  
,�: ;�	:

���/ 4� ]�L� �S��
� 6���� �2
9/� J�� 8�	
-: 8
 �� �;��@ ;4�,

8��	.��= K�>\� ;�	: 4� 8��	:��: .
,� ;��	A ;	�� �;��/��< ;�=

J�� j���� ;�	: �
9/� 6��	F ;�= 8��	.��= �� �2
9/� ;4�����

 ��4�: �� 
,� ��/ ���9
,� (���/ 6��:) ���, ;��/��<����	. 6� �=

 �:	S� h:��� �: �
>,�� ��@ �: �F�� �:)7(  �)8(  
,� ��/ ����7�

]22 -23[.  

)7(  Nu � �" w⁄ ��c!rxVVV�yz
x{xK.|�" w⁄ �} ~⁄ �yz~ �⁄ rx�  . for 3000 � Re � 10000   

)8(  Nu � 0.023ReV.wPrV.R .  for Re � 10000 

���(� h:��� �� �� �f  �R:�� B��C �:)9( �� Z�	I�.��/ 

)9(  f � �0.079Ln Re � 1.64�rK 
" K�/5"  8��	.��= ;��@ K�>\� 4� KC�1 
>,�� ���@� ����7�

 ���� �2
9/� ;�-��� �� 4������ ���@� e�1 	: ���/ 6��: ;��/��<

 �:	S� h:��� �: �I��R�)7(  �)8( �� 6�3� ��c5
<� �: �F�� �: .�=� 

J�� 4� �<	: P1� ���� �: �=J�� 6� ��:	S� h:��� ;�= 4� �=" K�/

5" � h7  � ��/ c(1J� ����?� �� ����7� ;�	: 	
?� ;�R< �: ;�=

���� 6�3�  ��/ �,�	: �: .���" K�/5" �� �[3� J�� �� ��/

�2
9/� �3��F ;M	�� - �2
9/� �� -6� -�F �� J�� �: ����7� ;�=

8��	.��= �� �
9/� 6��	F K�>\� ;�	: J�� 8�	
-: �	2�� ;�=

�� ;��/��<�/�:
,� 8�� 	�� 8�� K��� . �� J�� �2
9/� �� 

����I�;� k-ε 6��	F ��;���� �� �><�� ;�= 6����	. ��3  ������ 

���/�: ;���� 
L� ��,��� ���/�: ]24[. 

10
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60

70

3 0 0 0 6 0 0 0 9 0 0 0 1 2 0 0 0 1 5 0 0 0

N
u

N
um

be
r

Re Number

]16[نتايج مطالعه 
0.5 mm
0.9 mm
1 mm
1.1 mm
1.25 mm
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 C
�5- 
�&/:  �4F�[� (�2� 
Z9��3 8��F��& ) 
�/	5 ]�,&�5 & (

)6(  

  

 J�� 8�	
-: b�[
�� ;�	:P:�� ;��/��< 8��	.��= ;�	:  ����

 K�>\� 4� ���� 
,�: Q��
� ��I��R�����	.  �� ���/ 6��: 8��	.��=

 Z>
[� ;�-��� �� 4������ ���@� e�1 	: 
>,�� ��@ K�>\� ]�	O 4�

P:��  K��/DTRM1 �DO �P-1 �Rosseland ��/ KC�1 Q��
� �: ����

 �I��R�]16[ ��/ ����7� �� Q��
� 8�� �� ���" K�/6" �s��� ��/ .���

 �: �,�	:" K�/6" �� �[3� ;�	: �
��. B�^
[� J�� �� ��/

 K�>\�P:�� ����	.  J�� 8�	
-: �I��R� ���� ;��/��< 8��	.��=

��J�� 4� ���9
,� N�@ 
>@ 8��_?= .�/�: �R, �: �R, (S2S2) �

 Ks��� �� J�� 8�� 4� ���9
,� 6���� N�@�:���� .
,� 
  

  
 C
�6-  S�9T� 8��F�� R_( 
��+)�,*��5 �4F�[� (�2�  

  

�: �F�� �: ����� J�7
�� ;��	. �>� �� �>��� K��/ �� P[: 

3:��� � 
 	?= ����/�: G-, 	= N��� �-�� 4� �: v�\� 6��?� ��@ 


>,�� �
 	?= )Nu� (� 
>,�� 3:��� )Nu�( �s��� ��/ 
,� .��  

"K�/ 7" �C�� 
>,�� 3:���� �: 6���@ ���?� ;�	: 
��1;�= 6��: 

���/ � ;���� ���/ �7�4�g;� �� ���@� 4������ Z>
[� ����� ��/ 
,� .

�: �F�� �: K�/ �[3� ����/ �� �� ��@ 4������ 3000 �C�� 


>,�� 3:��� �� ���1 90 �C�� ���: � �: P��0 � ��@ 4������ 6��	F 

�� 	= �� �
��1 �C�� 
>,�� 3:��� P=�� ���:�� .�: P��0 � ��@ 

�4������ G-, J�7
�� ;��	. 3:��� P=�� �
 �� � �T�@	: G-, J�7
�� 

;��	. �
 	?= P��0 � ���:�� �� K��� 8�� �	�� �R:�� G�7
�� e�	A 

                                                             
1 Discrete Transfer Radiation Model 
2 Surface-to-Surface 


 	?= �: ��@ 4������ ���/�:.  
  

  
 C
�7-  R���� ���($��5RF�H 8,/� 
���� 8,�,( & ���� O&�� 8�% 

�B�)&YS�9T� )�F2�+� (,�7, �( 8, 
  

3-3 -   �()�� 
��/�
+��/0 1
�/0,2% 8����2: 8�%

���� 8,�,( & ���� O&��S�9T� 8�%  

 ���P[: 8��  ��4�: ;��@ K�>\� 4� KC�1 Q��
�����	. 

 ;���� � ���/ 6��: 
��1 �� �� ��I��R� ���� ;��/��< 8��	.��=

���/�7�4�g ��I:	� uO�7� �: ;�=��. �;� �� �;�i�: �?�� � ;�	��� �;�

 �� �
>,�� ���@� e�1 	: Z>
[� 4������ ���@�" K�/8"  ���� 6�3�

.
,� ��/  
  

  
 C
�8-  8,/� 8����2: 1
�/0,2% �( ]�29� R���� (�7C
�8�% 

���� S�9T�  

  

 Q��
� �: �F�� �:" K�/8" �� �[3� ��4�: �� ��/����	. 

8��	.��= ���/ 6��: 
��1 �: ����7� �� ���/ ;���� ;��/��< ;�=

�� 	
3�: 8�� K��� .�/�:���4�: P��	 � 8��  N�@ B��C �� �� 
,�

�� �I,�� �F0� ;4	� ��H ����/ ��F� ���	�� 	�VW� �� �:��
F0� 

 J�7
�� e�	A P=�� q@�: ��
9/� 6��	F 
@	, B���,�� 	: �������

;��	.  � 
 	?= ��4�: P=�� �S�
� ������	. �� ��/]25 -27[.  

8�� K�3� �: ���9
,� 4� ;	:4 �@��^� �� ���/ 	: ;�� �\9C 

bg�F K1 ����/ .������R: ���9
,� 4� ���/ `H�� �R, ��?� J��, �� 

P��0 � ���=� � `����V q@�: ��S�� �2
9/� �� K<�� ;�	S� 6��	F 

����/ �� 8�� �2
9/� �I,�� ��H {0� �� P=�� ���� � e�	A J�7
�� 

;��	. 
 	?= � �� �S�
� ��4�: ����	. P��0 � ���:�� .8��_?= 

"K�/ 8" 6�3� ���=� �� ��4�: ����	. 8��	.��= ;��/��< ;���� 

10
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]8[و ] 7[روابط تجربی 
k-ε, RNG, Enhanced wall treatment
k-ε, standard, Enhanced wall treatment
k-ε, realizable, Enhanced wall treatment
k-ω, standard
k- ω, SST
Spalart-Allamaras
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]16[نتايج مطالعه 
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P-1
Rosseland
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شيار دايروی
شيار نيمه بيضوی
شيار گوه ای
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���/ ��.;� 8�	
3�: ���7� ���/�: � T� 4� �6� 8��	.��=;�= ;���� 

���/;�= �7�4�g�;� ��I:	� �?�� ;�i�: � ;�	��� �: e��	� ;���� 

8�	
3�: ��4�: ����/�: .�� "J��F 4" �C�� ���-: ���/ ;�= ���(� 

;�	: ;�=4������ Z>
[� ����� ��/ 
,�.  �: �� 
,� �F�� K:�L

 ��4�: �4������ ��@ P��0 �����	. �� 	
3�:�� ��/ 	�� 8�� K���� 

 �3��F ;M	�� P��0 � K��� �: �2
9/� P��0 ��2
9/� �� �� �/�:

�� P=�� �� 8��, ����� B���S� �� �
 �� �I,�� {0� ��H.�=� 
 

K&�� 4- ���� 
+��/0 �()�� (2E�� ���( �� RE;� S�9T� 8�%

S�9T� )�F2�+� (,�7, �( /Z+�
+ 

 ��4�: ���-: �C������	.  

 �I:	� ���/

 �?�� �: 
���

;�i�: 

 ;�i�: �?�� ���/

 �: 
���;�	���  

;�	��� ���/  
���

���/ 6��: 
��1 �: 

 
 

Re 

0.014 13.87 4.4 3000 
-0.58 18.93 0.31 6000 

-0.0086 22 6.66 9000 
0.026 21.98 12.42 12000 
1.79 20.87 15.1 15000 

 ��. ���/ 
��� ;�

�7�4�g �:;�  

�7�4�g ���/ ;�

�I:	� �: 
��� 

 
Re 

 

0.19 4.05 3000 
1.25 5.62 6000 
1.93 6.28 9000 
2.86 5.62 12000 
3.89 4.61 15000 

  

4 -3-  /�ab5 /��c5  ���
+��/0  �( NY�� ���� /� /ad�

�20 ���� 8,�,( 8����2: 1
�/0,2%8, 
��. ���/ ����� �: �F�� �: ��4�: 8�	
-: ;���� ;�����	. �� ��/�:

 ��/ 	��X� 	�VW� �,�	: �: 
?�L 8�� ������	.  �4�: ��

100 ≤ q ≤ 1000 ��4�: �� ������� �	. ��. ���/ ;�����
<��	� ;� 


,� ��/ �: �F�� �: ." K�/9" �� ��=�3���0 � �: �� ��/ ���7� P

 ��/����	.
>,�� ��@ � �� P��0 � �: 
>,�� ��@ P��0 � 
>@ �� �:��

 ��/ ���7� P��0 �����	. K:�L 8���� P���	, 6���L �: �F�� �: � ��F��

.
,� 
 

  
 C
�9-  ��� /��c5 /�ab5
+��/0 1�Z���� R���� (�7 /�  

  

  5-3-  ���� *+,�3 /�ab5 
��/� �()�� �( �%
+��/0 

�20 ���� 8,�,( 8����2: 1
�/0,2%8, 
P[: �� �����
� ���/ �� 8�: �>C�  ��>�L ;�=16  	D� �� 	
?�>��

 ��: ��/ �
 	.� ���/ �>C�  	��X� 	�VW� P[: 8�� �� ��4�: ;�� 	: �=

����	.  �,�	:� 
,� ��/  4� KC�1 Q��
� 8�� �� K�>\�" K�/10" 

��� 6�3�K�/ 8�� �: �F�� �: .
,� ��/ ��  	���7� �����3�: ��@ 


>,�� @� ��Z>
[� 4������ ���� 	
.�0: 0��, �: ��/ 0��?
����� 

�� �[3� ���@� �� �� ��/8���� 4������ 4� 	�9000 �>C�  P��0 � �

����\� �� ���S� ���/ �� 8�: 4� 	�H�: 4������ ���@� �� � �8�I� ;�

9000����\� �� ���S� ���/ �� 8�: �>C�  P=�� � q@�: �8�I� ;�

 P��0 � J�7
����	. �� 4������ ���@� ;�	: �����O �: .��/3000  �
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