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Numerical Study of Natural Convection within Enclosures of Sinusoidal Corrugated 
Side Walls 

 
M. Esmaeili Sangari M.Sc., University of Tabriz, Faculty of Mechanical Engineering 

S. E. Razavi Professor, University of Tabriz, Faculty of Mechanical Engineering 

Abstract 
Numerical investigation of natural convection within square enclosures with differential heating has been 

performed. Two adjacent sides of enclosure are sinusoidal. The left and right side walls are assumed hot and cold, 
respectively, and top and bottom walls are flat and insulated. The fluid inside the enclosure considered is air is 
quiescent, initially. Continuity, momentum and energy equations with boundary conditions have been solved 
using finite volume method. To discretize convective terms of pressure the second order upwind scheme and for 
momentum and energy equations QUICK scheme are used. Pressure and velocity are coupled using SIMPLE 
algorithm. Numerical solution to the present study has performed in steady state and the Rayleigh number, Ra 
equal to 105, 106 and 5 × 106, corrugation amplitude (CA) of 0.1, 0.3 and 0.5 and for corrugation frequency (CF) 
1, 3 and 5. By changing each parameter, others are kept constant. Constant physical properties for the fluid 
medium have been assumed. Validation of the numerical model has performed by the other available works in 
the literature and the agreement is found to be excellent. Results have been presented in terms of isotherms, 
streamlines and variation of average Nusselt number in a square enclosure with flat walls and corrugated side 
walls.The results show the optimum case of Nu/Nu0ratio is approximately 2.5, in other words, the heat transfer 
rate in corrugated enclosure case is 2.5 times of the simple square enclosure which occurs in CA = 0.5, CF = 5 
and Ra = 105. 
 
Keywords: Numerical solution, Natural convection, Corrugated enclosure,Steady state.



  

 

4
��

5 
�

%�
	+

 
/

��	
N

 2
... 

�
,�

�0
 


'	
1

 

2  

1 - ���=�  
�-(.� �� �,��0 
'	12  �� �� �7�\ �N�� �
�+ �,+	�

K�9.� H� 4����+ `�B,� ��\ �+ 6��	F D�b
�� 4����+ 4�2

� ��C�+ 
�12� H� �� 
%� ��	��	+��� � �����\	+ 4����' 4�2


%�]1[ . �,��0 
'	12 �����/��� ����12 ��-(.� � K�# 

(.� 
�,f�� 4�2�	+��� ���,� �+ �2�!��+ .
%� g��
� ��-

����� ��%��&��-(.� �+ _�+	� 4�2�
%� �� �+ �2 ��15 

�� L��b����#) :i�� (�-(.�H� ��# <	* 4�2 `�	0�) �^ (

�-(.� 	�-� ���2�	+��� 	!���+ D�� ��	* .	�HH� ��# <	* 4�2

����� 81N4�2 @��5 �4��#��\����� 4������ 4�2���N � �

k��� /��� ��2 G�	*�� /�1
\�% $� 4�2���l5 �+ .�#�+ 

D�m��� �� ��	* E��H� ���2 �� /��� �����% )���	% 4�2

E�#���� ���� ���	
��� 4�2  �+ <�� ��	* .
'�� �
,�7 ��,+�

�	�915 @��5�� ��	* D�b
�� �����) �b'� ����	* 4�2  4�n'

���� ���#� (����	�#	�H $f���]2[. /��	N 4�	�� H� �#�� 4�2

 ���b
�� [��\ E�+ 4���N� ����� 
95 �+ 4����# � /��	N

/�������o�� ����	* 4�2��� �+ ��p��  �9\�� /��	N K����

 �N��\ /��	N �+ 
��� 4	
"�+ �*��o������� ���5� �� .

��C $�%l� ��	-� �q� + �9��� ���� �� 4H	� r5�+ �

���% �\ /��	N K���� 4�	+ 4H�%�� �N���F�� � ��#  V��\

��C ��C 	�ZP� 
.� 4H	� �1� ��	f 4H	� 
'	12 4�	+ .�	�*

��C ���s.� �,��0��� $�� � 4H	� 4�2��� K��"� �2

�� ��F�� ��� ���# /� �N��\��C I%�� �2� 4�2 ��s.� 4H	

��F�� $� K��"� � ��# �� �
�2� .��2� ��F�� �� ���;�� H

�
�2 �9�%� �+ K��� �� �� N 6��7 �+ ��C �0�F� 4H	� 4�2

"� 4H	� I��	# H� �
�2 /��	N [��\ �
%� ��# tu

�1� ��C �+ �
�+�� ��� ���# al+�b
� �� �
%� 4H	�  	�ZP� 
.�

 �
�2��C E�+ K\��� .
%� �
'	* ��	f  r5�+ �
�2 � 4H	�

 ��P�� E�� �� ��15 �*��o����/� H� .��# ��N� =9v� �� �N

/���� �
�2 /��	N $� H� )�+�� 	�w���F��	�H � �#�+ 4�2

D�9% �91N H� /��	N��C � �2 	2�x �
�2 �� 
%� E�1� �2

�� ��� '� ��P�� �*��o�� 	+ ���#��#]1[.  ]��
�	9?�+]3[ 

H� ��� �� ����� 6��2�"�  �	(F $� /��� �,��0 
'	12

�� + ������� .�#�+ � D�b
�� �� �	� /��+ �2�!"���H� 6��7

 
���2 6��	F� ���5� 4�	+ �� $?�� �9���	(F ��9+�  D�b
��

�� =��v 6��	F�+ E��o12 �� .�#�+ �	� /� �
�2�� D��% ��

L2 ���
%���C ��N� �2�,+ .4��+ �
�2�� D��% i9
u� 4�2

 I%��/������ � 6	��]4[ ��F ���,��B� D�O"� �� � 

�!"���H���C �-(.� �� 6��(
� )���	* 4�� 	+ �2 ��2 4�

�# ���� /�"� �����+ 4��15 �.(7�� E�+.  � /�%	
�

	*	�1��]5[  6��	F D�b
�� ���N �� ����+ ����� E�
�u�

\�� ������ �,��0 
'	12� )���	* �+ �	(F $� K  )���	%

����1� �,��B� �%��b� K�9.� ���� 	+ �� ���&*��.  � ��������

��9�%	�]6[ � �� �
(#� � <��� �,��0 
'	12 /��	N

��-(. ����2� D�9% ���.� `l
\� G�� �+ �� �
�+ 4�21 �+ �

� ��# A�.s�2  �9��� ���5� 4�	+103  ��1016  �,��B�

/����12 � z��J.���	�]7[  6�	Z� ���.� `l
\� G�� �+

� [��\/���� 4�� 	�O
 �� 6��	F D�b
�� � ��� � 
5	% 4�2

 �%�	+ �� `�	0� H� 6��(
� )���	* 
.� 4�,+ �� �-(.�

/� .����1� H� G�"
v� H�v� |	' �+ �/��	N �
(#� ��F�� 4�	+ �2

 �9��� ��5106  D�� �K-epsilon  � 
����� .���	+ ��� �+ ��

/����12]8[  �,+	� �-(.� K\�� 4��w* �,��0 
'	12

/� .����1� �%�	+ �+	;� � 4��5 6��7 �+ �� 4�,+�� �� �2

 H� �+	;� �,��B� �� ���1: �1�� ��+�	' M	0 H� 4��5 �,��B�

~�� G��-� ��H3 .����1� ���(
%�/����12 � 	���]9[  /��	N

i� H� )���	* 
.� ��,�� �-(.� �� �
(#� �,��0 
'	12 

�+ ��  ���1��% 4����' H� ���(
%� �+ � �+	;� 6��7Particle 

Image Velocity(PIV)  �9��� ��5 ��1010×4/1 �%�	+

.����1������� H�� ��/�]10[  �-(.� /��� �,��0 
'	12

�+ �� ��,�� �
�+.����1� �,��B� 4��5 � �+	;� 6��7 /� �2

�H���� 4�	+ 4����' H� 
5	% 4	�*PIV  6C��,� KF 4�	+ �

 �9��� ��5 �� <��� /��	N 4�,+ �%107×3/1 �� '� <	� H�


 ���9'4 ���(
%�.����1� 	(���%/����12 � ���]11[  /��	N

�-(.� /��� �,��0 
'	12 )���	* 
.� �,+	� 4�2

�%���� 4��F `�	0� H� 6��(
�(��% <�������� D�
�5  4�	+ ��

 �9��� ���5�103  ��107L
���!�� �+ � 4��5 6��7 �+  

 C-SIMPLE ����1� �%�	+. /����12 � E��F]12[  G�� �+

� ������� ���.� L;F6]13[ 4���� �,��0 
'	12 /��	N �

������ �+ �,+	� �-(.� �� 4�,+��4��15 4�2  ���N��v 

�#����1� �,��B� 4��5 6��7 �+ �� K.  � ���� E��o12

/����12]14[ �-(.� �� ��w* �,��0 ���;+�N+ 4�2 �+ �� �
�

 � K�� � 
+�Z D��% [��\ 4�	+ �%��b� K�9.� 6��7

/����12]15[ � KF 6��7 �+ D��% [��\ 4�	+ ���	!
�� K���

�%�	+ 	�O
� ���	�. /����12 � ��%�+]1[  ���.� /�1�� G��

�
����7�� �,��B� 4�	+�-(.� /��� �,��0 
'	12 4  D��% �+

�9��� 4�	+ ��2 4�2103  ��105 ������ ����� 4�	+ ��� ������ 4

/����12 � �� .���	+ ��� �+ �%���% 	�O
� 4��� �+ � 
+�Z]16[ 

	12 /��	N �"���	% � >? ������ H� �"���	* �	(F K\�� 
'

��C I��	# 4�	+ @��5 �b'� ������ �� 	2 �+ 
%�� ������ H� 

                                                           
1 Donor-cell Differencing Method 
2 Mesh Refinement 
3 Mach-Zehnder interferometer 
4 Fluent 
5 Al2So3+H2O 
6 Patankar 
7 Penalty Method 



 

  

�
9�,

1%
� 4

�&
�

4
�:

� 
K

�5
�1

%�
��

% 
� 

4
	!

�%
 

3  

 �%�	+ <�� ���	� K:�(� G�� H� ���(
%� �+ ����� 4H	�

/����12 � E�F.���	�]17[ E��	��* ���.� /�1�� G��1  ��

�0 
'	12 4�	+������ �+ �,+	� �-(.� /��� ��w* �,� 4�2

N�� 4��15������ � �6��(
� )���	* �+ �%���% ��� �b'� 4�2

/����12 � 4��;% .���	+ ��� �+ ��2 D��% � @��5]18[  
'	12

�-(.� /��� �,��0 ������ �+ �,+	��2 /� �� �� �� Ku9u
� 4

������ �� V�� 4��15������ � �%���% ��� � `�7 �b'� 4�2

.����1� �%�	+ ��1: ���.� L;F G�� ��
�2 @��5  

�-(.� /���	' 4�2�	+��� �+ �N�� �+ �� �
�+ 4�2

$�\ �\��� H� 4����+ �� ����1�# � ���wv ���� 4H�% � 6�;�

/� �	+��� E��o12D�9% �� �281N � �2����� 4��#��\ 4�2

��� E
'�� <� � 	!�� 4�2�	+��� 4����+ � ���&+ 4�2 
&N

�� ��	* D���� )�� '�/� �2
�12�  ��F  @�b.� �� �� 
%�

	:�F� V�� )b� �%�	+ `�2������ /�	� ��� 4��15 4�2

�-(.� 4��	* D�b
�� )�� '� �� �
�+ 4�2 �,��0 
'	12


%� /� /���.  

 

2- �?@2� '�
�  

 [��\ �%�	+ �+ ����� )2�p� E�� �� 4�	+ 6��	F D�b
��

�-(.�  �9��� ���5� �+ �,+	�105 �106 �106×5  �� �
\��	�

��#  ���F�� ���� <��� ���#�+]19[ �+ [��\ ���� �� Y�%�

�;� 89:�� Ml7������ �+ �%���% ��.�� $1� �+ �� 4�2

V�� 1/0 �3/0  �5/0  V�� 4�2 Y���	' �1 �3 �5  ���5� /�12 �+

.+ �9����� r�O� ����� ���1� �� .��# 
9%�� ��5 6�	�

I%�
� ������ 4�� ��
��� �<	*2L2 4�2 /��	N _�B\ � ���

�� �����&+ 
��F .���#��� �-(.� 4�	+ 6��	F D�b
�� ������ �2

�+ �2��\ �
��F �9��� ��5	2 �� �,��0 
'	12 ���"�+ �� �

) 6���	F D�b
�� ���b�Q( ) �B+�� @�0 �� �#�+ �
#�� ��1(  �+ �

 	+�	+ ����� E�� �� �-(.� @15 ����� �+ �N��1 �
'	* 	-��� 

�� /� 4�,+ �� KF `�2 � 
%� ��#+ ���b� E�� ��#�+ �+ 	+�	

5�� 
+�Z ���b� $� ��+	: 
9%�� �� E
'�� 4�	+ Y� ��#�+

.���# ����b� L2 �+ 
9%�� ���5� Ib' 
%� �'�� 
��F ���&+  

)1(  � = ℎ�∆� 

)2(  � = � × 1 


� = ℎ	�

 	 )3(  

��→ � = 
� × � × 1 × ∆� × 

� 	 )3-1(	

)4(  → � = �� × .��A	�3�=� 

  

  

                                                           
1 Galerkin 
2 Contour 

2 -1  - B<�C DE%�+�  

6C��,� �+ 4��
���� �,+<	N<�
���� �3 � 4J	��  4�	+

/��	N4�2 �,+ ��:H� ������5 ���� 4  

)6(  ��
�� + ��

�� = 0 

)7(  � ��
�� + � ��

�� = −��
�� + Pr	(���

��� + ���
���) 

)8(  � ��
�� + � ��

�� = −��
�� + Pr(���

��� + ���
���)+ !"�#$ 

)9(  � �$
�� + � �$

�� = ��$
��� + ��$

��� 

  

 /� �� �,+ �+ 4�2	�O
� �� ������� i�	,� 	�H:���#  

� = %
&	, � = (

&	, � = �) &* , � = +) &*  

$ = � − �,�- − �, , �# = .
) , !" = /0(�- − �,)&1

).  

� = 2&�
3)�  

L2.
%� ��# D�15� $���%�+ |	' �k�' 6C��,� �� E��?  

����,� ������  4��15�� 
%� �+ 	�H �B+�� H�:���  

)10(  % = 4�567[49 :2<& (=] 

9%�� ��5  E�!������ D�0 ������ :<	*  

)11(  


� = −? ℎ(
@

-
A

B�
= −? (

&
�

A
(�$C(�)

�� )DEA.� B�
= −? ��

A
(�$C(�)

�� )DEA.� B� 

2 -2- $F#� G(3#� * ���	0 7��  

) K�#1 ����� 4H	� I��	# � ����%�.� ����� ��%��2 (

�� /�"� ��L���� /��� �� �2�:H=L=1 

2LE��? �� M	# E��+ 4H	� I��	#:��#�+  

C�+ ������ (i��� @��5 :G O� <�5 _	# �+  
GH
GI= 0   ,    �	= 0    ,  �	= 0 

:G O� <�5 _	# �+ @��5 �E���� ������ (^  
GH
GI= 0   ,    �	= 0    ,  �	= 0 

V:
+�Z ��� <	* ������ �>? ������ ( 

$ = 1,   U = 0  ,   V = 0 
������� ( :
+�Z ��� �	% ������ �
%��  

                                                           
3 Momentum 



  

 

4
��

5 
�

%�
	+

 
/

��	
N

 2
... 

�
,�

�0
 


'	
1

 

4  

$= 0,      �	= 0  ,    �= 0 
��
(*  
+�Z K
��	� ��5 �+ K��5 D��% /���5 �+ ��2 
%�

71/0Pr= .
%� ��# ^�u
�� ����� E�� �� 

 
7��1- 4H	� I��	# � ����� �%��2 K�#  

  

2 -3- ��,� %��(3 

) K�#2( ���1� H� 4��# 8Bb� 4��+ �� /�"� �� 	-�����

���2� ���# E�� .K�# �+ ���#/��H�% �+ 4�2 �m9m�  ��;��

.
%� ��#  

  

 
 7��2-  ���1����N�� �-(.� 	-� ���� 8Bb� 4��+ ���#  

  
2 - 4 - $%�& 7C H*�  

 L
���� ��!
%��� 6C��,� L;F G�� �+ 4J	�� �D	
�� 

��# KF .����
��* 4�	+ 6���5 4H�% M	0 ��"' ���;+�N 4�2

��+�	'  M	0 <�
���� � 4J	�� �<�� ���	�QUICK  ����� 4�	+ �

 L
���!�� ��"' � 
5	%SIMPLE .
%� �
'� ��� �+ ���1�

�% E�!���� 4��� �� 6C��,� �� [��\ �
'	* 	-� �� 
+�Z �D�

��#  .���  6�(9��
N � + D��% � /��	N � E���� 
5	% K���

 <�����"� �
'	* 	-� ��  �+ .
%��	' =�	:���2� =%��
� 4�2

 ���	!12 ����� ���1� �� ����� 	2 �+��P��  4��	f	+ _	# �+

) ����,�16(  H� 	
1� ��1200 .
%� ��# ����	+ ��	��  

)12(  JΓLM� − ΓL
ΓL J N 10

O6
 

  

 /� �� ��Γ  	+�	+ =��	� �+U �V �P  �θ ��.�#�+  

  V�� ����� 	���b� 4�	+ ����� E��1/0 �3/0 �5/0  	���b�

 V�� Y���	'1 �3 �5   �9��� ���5� �105 �106 �106×5 $� � 

�-(.� 4�	+ L2 ��+ .
%� ��# KF �9��� ���5� E�12 �+ �,+	�  

 

2 -5-  ��,� F3 IJ=1�3  

) K�#3 �� <	* ������ 4�� I%�
� 
9%�� ��5 6�	��O� (

��6  �+ ���#D�9% ���,��� /�"� 6��(
� 4�2 ����� .�2�

 �+ 	:�F� 	+�	+ D�9% ���,22446) K�# �� 
%� ��# KF3 (

Dlb
%� 	!��"� H� �� ���b� E�� �� ���#.�#�+  

 

 2-6 - $%�& ��	���,1&3  

 �+ @�b.� E�� ]��
� @��B� 4�	+]��
� ��N�� E' 6��+���� 

P� �
.7 ��� � K7�F ]��
� ����	:�F ��� H  �-(.� 4�	+

���% �,+	� 4�2��� ]��
� �+ � �
'	* 6��7/�;+ I%�]2[ �

	�	
�]20[4	�� �]21[  E�� ]��
� .
%� ��# ����b� �� ����b�

) K�#4���� ���� � �� 
%� ��# ���� )��1� ( 	!��"� �2

.�#�+ �� 	:�F ��� 
.7  

  

3 - K(�1�  

��P�� 4��5 KF  	:�F��  ��5 6�	��O� 4�	+ � ���� 
��F

 H� �9���105  ��106× 5   	+�	+ V�� ����� �1/0 �3/0 �5/0  �

 	+�	+ V�� Y���	'1 �3  �5 �� 6��7 $� 	2 	��O� �+ .�	�*

	
����� E��H��� �
#�� �!� 
+�Z 	!�� 4�2	
����� ��2 .���#

\���� D��% 4�	+ 
+�Z ��� �' [�� ��# �
'	* 	-� �� �-(.1

 
9%�� ��5 6�	��O� �!��!? 6��7 �+ ]��
� .
%�E�!����  ��

������<	* 4 ���% �-(.� �+ 
��� ���N�� �-(.� _�B\ �

� /��	N L2 _�B\�-(.� �� ��� ������ �+ �,+	�4�2  ���N��

.
%� ��# G�� * �%���% V�� �+  

K�# ��) 4�25) �� (10 �� I%�
� 
9%�� ��5 
��� (

2��% �-(.� �+ ���N�� �-(.�D�0 �� ������  �� <	*


��F .
%� ��# �%�	+ i9
u� 4�2  

 



 

  

�
9�,

1%
� 4

�&
�

4
�:

� 
K

�5
�1

%�
��

% 
� 

4
	!

�%
 

5  

  
 7��3-  ����� 4�� �9.� 
9%�� ��5 6�	��O��-(.� �� ������ D�0 =�F 	+ <	*  �� �,+	�D�9% ���,�i9
u� 4�2  

 

  
 7��4 - N�� 4�2��� �+ 	:�F ��� ����b���  ����N�� 8+��� ���% �,+	� �-(.� 4�	+   

  

������ 4�	+ ���&+ 
��F /�	� tu"� 4�	+ H� ���N�� 4�2

K�#) 4�25) �� (10�� ���(
%� (.L���  

K�#) 4�211) �� (13 _�B\ � /��	N _�B\ 4�2��
��� (

 � ����� � �9��� ���5� 4�H� �+ �� �,+	� �-(.� �,+ �+ 4���12

V�� Y���	'� 4�2�� )��1� i9
u.�2�  

 �+ �� /��	N _�B\ � ��� 4�2��
��� ���&+ 
��F �%�	+ 4�	+

  	!�� 4�2	
����� 	��O� � ���&+ 	
����� $� E
#�� �!� 
+�Z

�� �%�	+.L���  

3 -1- L4� �	�3% #
A@M  

) K�# @�05) � (6����� �� (  V��1/0CA =  �3/0CA = 

 )�� '� �+ ����12 �
+�Z �9��� ��5 � 
+�Z 
��� V�� Y���	'

) �,+	� 
��F �+ 
���  ���N�� �-(.� 
9%�� ���5�
PQ
PQR (

�� /� ��N�� 4�	+ �� ���� ��� � 
��F ����� �� �� 
(* /���

 V��1/0CA =  �3/0CA =  )�� '� �+ �
+�Z �9��� ��5 � 
+�Z

������ ���� � �� �V�� Y���	' 	+ 
���2 6��	F D�b
�� �2

12 6��	F D�b
���� =��v /��	N 	
1� ��(� 
95 �+ 
'	 .��#  

  

  

V�� Y���	' 4�H� �+ 
��F �� E�� �� 
��� �%�	+ �+ C�+ 4�2
PQ
PQR �� /�"� �� $� H� 	
1� 	���b� �� �� 
%� A:�� ��2�

 �+ 
��� 6��	F D�b
�� )2�� =N�� ������ /�	� ���N��

�� �,+	� 
��F�1� ^�9B� �� ��#.�#�+  

) K�# ��7�� �-Fl� ( V�� ����� �� �� ��#5/0CA = 

 
��� V�� Y���	' )�� '� �+ �
+�Z �9��� ��5 � 
+�Z
ST
STR 

�� )�� '� ����12 K�# �+ �N�� �+ /� ��N�� 4�	+ �� �+��

)12�� �-Fl� (������ ���� � K��� �+ �� ��# � >? 4�2

 
5	% ������� �� E�+ 
F��� )2�� � L2 �+ 
%�� D��%

�� /��	N G�"
v� =N�� �� �
'�� )�� '� E�� �� �� ��#

 8+	� 
��F �+ 
��� 4	
"�+ 6��	F D�b
�� ����12 V�� �����

) K�# �+ �N�� �+ .
#�� L�2��\ ���%12�� �-Fl� ( �� ��#

 V�� ����� ��5/0CA = 
+�Z �9��� ��5 � 
+�Z  )�� '� �+

 6�,'� ���,� �V�� Y���	'�+��	* K��"�  � ��# ���H D��%

�� )�� '� 6��	F D�b
��.�+�� 

) K�#11L2 _�B\ 4�2��
��� ( �� /��	N _�B\ � ���

�� /�"� V�� ����� 6�	��O� 4�	+ 6�	�ZP� ��2�"� 4�	+ .�2�

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1 1.2

N
u

L [m]

 D�9% ���,� =32450

 D�9% ���,� =27296

 D�9% ���,� =22446

 D�9% ���,� =18180

 D�9% ���,� =11024

 D�9% ���,� =2026

0

2

4

6

8

10

12

14

16

0 20 40 60

Nu

Ra × 10-5

 /�;+ �+	;� ]��
�]2[

 	�	
� �9�9.� ]��
�]20[

 4	�� �+	;� ]��
�]21[

	:�F ���



  

 

4
��

5 
�

%�
	+

 
/

��	
N

 2
... 

�
,�

�0
 


'	
1

 

6  

 =��	� �+ V�� Y���	' � �9��� ��5 	���b� �V�� �����105  �5 

��# �
'	* 	-� ��.��� ) K�# H�11�� �;�
� ( �� ��# $�

�F�� �V�� ����� �� )�� '�� /��+ ����	' D�0 �� �� �� 4�

	��O� �� �f�+�� )2�� ���� r5��N�� ����� �� )�� '� .�2�

�� �
�2 ��F�� �� )2�� � >? 
1% E���� �F��� �� .��#

L2 _�B\ 
%�� 
1% C�+L��	
� ��� ����� )�� '� .��
�2 	�

��/��	N 4�!�� /���\ L2 �+ r5�+ V�24 �� 4��(� �+ ���#

E�� 
95�*���	+ ���!
'��	' � �2 )2�� =N�� ����� 4�2

�� ������ �� E�+ �97�'.��#  

/��	N _�B\ 4�	+�+��	* )\	? ��2 �-(.� /���  �+

�	' 
95�!
'�V�� 4�2 ��-(.� /���  � )���N �+ K��1�

�+��	* �+ K����	
�?�� 4�2	
"�+ �   .�����V�� ����� )�� '�� 

 �� 4����# 4�	�� 	�ZP� 
.� /��	N 4��15 
�	F ��F��

�� )2���+��	* �+ �+��	* �� ;� r5�+ � �2� �+ 	
�?�� 4�2

�� 4	
1� 6��f.��#  

  

3 -2 L4� N��<#/ #
A@M  

K�# @�0) 4�28) �� (10�� �-Fl� ( 
+�Z �+ �� ��#

 ����12 V�� ����� )�� '� ��9��� ��5 � V�� Y���	' /����

'� =N�� 
��� )�� 
PQ
PQR  �� �N�� �+ /� ��N�� 4�	+ �� ��#

) K�# �+11�� ��2�"� ( �[�\ Y���	' $� �� �� ��#

 �� � ������ �� E�+ 
F��� )2���N�� ����� )�� '� ����12

 �
5	% )�� '� �;�
� �+��	*�� 6��	F D�b
�� � D��%.��#  

) K�#12L2 _�B\ 4�2��
��� (�� /��	N _�B\ � ��� 

�� /�"� V�� Y���	' 6�	��O� 4�	+ 6�	�ZP� ��2�"� 4�	+ .�2�

 =��	� �+ V�� ������ �9��� ��5 	���b� �V�� Y���	'105 �

5/0 ��# �
'	* 	-� ��) K�# H� .���12�� �;�
� ( �� ��#

 	�ZP� �V�� ����� )�� '� �+ ����b� �� V�� Y���	' )�� '�

���� �
�2 ��F�� 	+ 4	
1� .2�!�� ��� $�� � ��� � /��	N 4�

������ .����� ��	f V�� Y���	' 6�	��O� 	�ZP� 
.� 6�# �+ �2

2 _�B\ �V�� Y���	' )�� '� �+L������ $�� � ��� �+ �2

�� ��(� �*���	+ ��F�� K\�� 
1% �+ ]���� 4�	+ �� �����

�� ��
'� E�� ��N��
(* /��� V�� Y���	' )�� '� �+  ��

6���;�  �� ��� )u+ % ������<	* �� �	 /����	* D��% �

�;+�N E�� .���� 4	
1� ������L2 _�B\ K\�� 4�% �+ � ���

 ���� )2�� �� /��	N I%�� ��# �0 
'���� 4�!�� 	�ZP�  	+

/��	N 4�2K+�b
� <	* � �	% �� 	��O� ��.�2�  

�V�� Y���	' )�� '� �+ �/��	N _�B\ 4�	+ �+��	*�2 4

��# K��"� ����� $�� ���2�� L2 �+ �-(.� 4 )�� '� .�� ��

�� L� �� )\	?  4�n' V�� Y���	' .��� �+ )�� '�

�;�
� �� AB% �*���	+ � �!
'��	' V�� Y���	' )�� '�� 

�+��	* ���,��2 /� 6��f H� � �
'�� )�� '��� �
%�� �2.��#  

  

3 -3 ��(3� %�& #
A@M  

) K�#13L2 _�B\ ��
��� ( � ��� _�B\�� /��	N  4�	+

�� /�"� �9��� ��5 6�	��O� 	��O� 6�	�ZP� ��2�"� 4�	+ .�2�

�9��� � =��	� �+ V�� Y���	' � V�� ����� 	���b�5/0  �5  ��

��# �
'	* 	-��� ��2�"� .����9��� 4�	+ �� ��# 6��(
� 4�2

L2 _�B\ V�� �!
'��	' �F��� �� ���+ L��	
� 6��7 �+ ���

�7 �+ �*���	+ �F��� �� � ��5 )�� '� �+ .��
�2 �����	� 6�

L2 _�B\ �9���L��	
� �!
'��	' �F��� �� ��� �F��� �� � 	�

�����	� �*���	+�� 	�L2 _�B\ ��(� E��o12 .���# �+ ���

�� 	
"�+ �*���	+ _�b� /���.��#  

4�f /��	N �9��� ��5 )�� '� �+ /��	N _�B\ 4�	+ 	�

�� 4�	�� )�� '� /� K��� �� ��# )�� '� H� �#�� 4����#

�� �9��� ��5
��F �12 4�	+ .�#�+�+��	* ��N�� 4�2 ���2

�� K��"� �*���	+ � �!
'��	' �F��� E�+�� )�� '� �+ .���#

 )�� '� K��� �+ �9��� ��5 �+��	*�+��	* �D��% /��	N �� 4�2

4�f�� K��"� 4	�.��#  

4 - $#
O ��
1�  

 ����� $� �� �9��� ��5 )�� '� [�\ V�� Y���	' �

�� 
9%�� ��5 )�� '� =N�� ����12� 
95 �� ��# )�� '� /

�+��	*�2 �� D��% 
�	F ��K�# �-Fl� �+ ��� ��#�+ 4�2

)5) �(6) � (7�� �-Fl� ( 
���  ��#
ST
STR  Y���	' ��

V�� ?�� �9��� ���5� 4�	+ C�+ 4�2 	
*� + �9��� ���5� H� 	
&+ $

��� �#�+\ 4	
&+ /������ ��, )�� '� 4�	+ Y� .
#�� ��2��

�	&+ L��� ^�u
�� �*� + �9�\ �9��� ���5� �� ����� ��� � 4��

 ���b� E�	
"�+ �� ��+ �2��\ �
��F ���&+ 
��F �
ST
STR  ��

 	-� H� 
��F E�	
&+ �� 
%� A:�� ]��
� �%�	+ �+ .�2�+
ST
STR  

) K�# ��10�2�"� (�� �a���	b� �� ��# 
��� 	+�	+  

 5/2  =
ST
STR �� D��,� ����	F D�b
�� ��,� �#�+5/2  	+�	+

 
��F �� 
#�� �2��\ ���% 8+	� 
��F5/0CA= �5 CF=  �

 �+ 	+�	+ �9��� ��5105 ���#�+.  

  



 

  

�
9�,

1%
� 4

�&
�

4
�:

� 
K

�5
�1

%�
��

% 
� 

4
	!

�%
 

7  

  
7��5 - 6�	��O�Nu/Nu0  ������ <	* =�F	+ Y���	' V�� ������� V�� 41/٠CA = +�Z
  

 

7��6- 6�	��O� Nu/Nu0 ������ <	* =�F	+ Y���	' V�� �� �����  V��3/٠CA = 
+�Z  

 

7��7 - 6�	��O� Nu/Nu0 ������ <	* =�F	+ Y���	' �������N�� V��5/0CA = 
+�Z  

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

0 1 2 3 4 5 6

Nu/Nu0

CF

Ra=1e5

Ra=1e6

Ra=5e6

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

0 1 2 3 4 5 6

Nu/Nu0

CF

Ra=1e5

Ra=1e6

Ra=5e6

0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

2.5

0 1 2 3 4 5 6

Nu/Nu0

CF

Ra=1e5

Ra=1e6

Ra=5e6



  

 

4
��

5 
�

%�
	+

 
/

��	
N

 2
... 

�
,�

�0
 


'	
1

 

8  
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