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Abstract 
In this paper, penetration of drop and liquid film in layered porous media is studied by the two phase lattice Boltzmann-Shan and Chen 
model. Layered porous medium is generated by locating solid obstacles randomly, such that the amount of porosity in each layer and whole 
domain is a fixed value, making the porous medium more homogeneous. In this study, penetration pattern of liquid drop and liquid film in 
porous substrate is investigated and viscous fingering and capillary fingering regimes are considered and compared. The influences of 
porosity and the hydrophilicity or hydrophobicity property of surface are considered, too; generally, increasing the porosity and making the 
surface hydrophobic cause increasing the penetration rate. Because the porous medium being layered, the effects of using layers with 
different porosities and having an averaged-specified value in whole domain, on improving the penetration rate are discussed. Also, it is 
investigated how to change the penetration pattern from the viscous fingering to the capillary fingering regime by means of hydrophilic and 
hydrophobic surfaces inside the porous matrix. A unique feature of this research is to provide a mechanism to change the penetration path 
into specified one. 
Keywords: Layered Porous Media, Hydrophilic and Hydrophobic Surfaces, Liquid film Penetration, Lattice Boltzmann Method, viscous 
fingering regime. 
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2 Shifting velocity Method 
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�� �� I��, -�LN� 	��a� �H .���R =�H �DF, [/� I	
�� SG��,

��.��+ I��, S��: � ���N YF, =�H -�	��LN 	5 -�	H A�@ 
��P ����� 

 ����3� S��OH)11( �� ��,�D���+Z  

)11(  *I### �� , 	
 = −R_OIT�� , 	
V ��
]

�J� `�� + � �^	, 	
� �^	 
 ]�F, -K����� A���H 	c�P ��� �� ��� .
,� �	�� w��� A�+ =�� �
���

 �H �� S��;
� -L�	2H� � �
,��H� S��4�OE �HGads  ^9
B� -�5

�� �FH�� K� ����.��)12(  ���;
,���+
,�:  

)12(  *I### �� , 	
 =	 	−T�� , 	
 ∑ ��]�J� R_OI�� + � �^	, 	
`�� +	� �^	, 	
� �^	  

	��H �|�L� S��4 �� L�� [��	T -�A�+ �  ����3�)13(  I�?f�

�� ��+]12[Z  

)13(  *$a = ��b$ 
I�� -�	HD2Q9�FH�� K� I��, v�9B� ��/  � )14( �� ��,�D�  ؛]8[+�� 

)14(  e��
 = �I� VT���
� + 32VRT���
T�S��
��S  

-K����� �� -�56�+ 
��P ����3� K� 7��� K�  	R�� ���2J -�	H-  =J

 �FH�� S��OH)15(  ���;
,����� 
��P �H -K�T K�  � 
,� ��+ 	z� �� I�

 .
,� ��+ �
 	T  

)15(  T = �f g1 − exp g− ��fkk �f�� ����� ���2J � ��+ �
 	T 	z� �� 0� �3��F� =�� �� �� Z�+�H

 .
,� �FH�� K� I��, v�9B� 
f	,)16( �� 
,�HZ��� 

 

)16(  
"#$ = V ��"#$�/�� + V *$�� /�2�
 

 ��� 	5 �� �LN� ���2J _�?.� ��	T �� �� .�+�H���+ �?5-K�, -�5

[ ���� 6��K�� = �� = 1 ���2J � �5�� = 1  ��� = 0.25  ��

�
 	T	z� .
,� ��+ �C��	+ =�� -�	H85	H \�	c ���<� LN -�LN� =�H [��

 7���R�� = −3.62 85	H \�	c � K�  �� =�H [��R�� = 5 �� Z�+�H

	��a� S��4 ��� 	���<��� 	�: ���N .���	T���+ AP�	� ����� �� � -K�,

�H �bLN �� =J � 6�+ I�� 0?� �H -K� �� 6��	N -��f AP S��4

�� ����P	Q A�+  ��+ ���� [��?�.
,�  
  

  
6
	 1- ��?	 ��8,B5J�K�� *. >F * L�	 0�� ��< �= L��5� &'��  

  

3 - L,�'C MN�9 
 |�.�� �H K��� =J� 6�+ '�� �� �DF, [/� ��,�D� -�	H6��K� 

�� �W�G =�� �
��� .�+�H6��K�  ���H L�� �� �.�,���
f� -�	H ��E -��BH

�� =�� |�.�� 7@�� �� Z���6��K� �� �DF, [/� ��,�D� �H 	.�� �� ��+

�� �D4 L�� ��� �
,�� 	H .���(T L�� [��	T -�	�� Ar� �N��E -�	�� ��5

�?� I�?f���+  �-K	� C��	+ ��H���� ����+�H . ��P�� �� ��3H� �H100×100 �

��� �H S�	F@�K� �
+�(T ���+ L�	� �� ^9
B� �3H	� -�5�� K� �3H � ���+

�� ��.�� ������ -�	��� S�	F@ ���	�� ��L5 ��J � AE�� ��/  �W
E� .���+

 
��P �� L�� �	F@ _�3+ � K�  �� =�H 
��Bc K� ��� �Q�<� �� �	F@ k��E

�K���� ���+ �P�� �� ��������� -	�T.���+  

  A�+2 -  
��� �� -�	H �� _�3+ ���3� � ��/  �W
E� =�H �FH��


NL�^9
B� -�5 �� 6�/�.�5�  
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	 2- L,�'C !O� /3< �?��!� P�� MN�9 P?(� *. �. �P��)  
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<����  �DF, [/�
��� �� 
NL�  �0�045/0  
��� �� �
NL�  ��,

135/0 �� .�+�H�� ��5�/� �� ��F��?5 
��� [��L � �H ���+
NL�  [/�

�� [��L � �DF, .�H��  
  

4 - M��Q ��*8' �?��!� 
���2�5�� ��	@ ���N 0� �H ��?� ��	�(��� IWD�� �	F@ 0� �� ��	�T

�����	� I��, 6��� ��2��1 ����/�	� I��, �2 ���N YF, � ��.�� �,�?� CE

����+ A�+)3(.  

  

  
 6
	3- ���� AO� * R��� >�= M��Q ��*8' ��8,B5J  

  

 	�  6��H L�	2H� �� 
,��H� ]W4� �H � I��, �H 
��� YF, 0� �T���+

 ��?� ����K �H �2
�H � YF,l 8� ����K -�	H .����  K� 	�٩٠
٠  A��?� I��, �


,��H�� ����+	� YF, ~� ����� �� YF, 6�	� ~�E �H ��  -�	H � �+�H

��LH ����K  K� 	�900���� ��	/  A�+ �H I��, �  YF, =��	H��H ����

	F@ �H �	F@ ���?� ����K ��,�D� -�	H .
,� L�	2H� � ����/�	�20  �� �P��

��3H� �H ����,�D� 6���� AE��100 ×100 ��?� S��OH  ������ ������ 	H

�� ���� ��	@ -�	H ���3� ���<� =
 	T 	z� �� �H .��+Gads85	H S��@ �� �-

�� I	
�� �� I��,� ���N YF, =�H [�� K� �3H � ����20000  �� �9P	�

�5��E ��,�D� ��?� ����K ���<� ������ ���� 
��P �H 6���� �H .�+ ��z��

85	H \�	c =�H �FH�� =��3� I��, [�� - -	, 0� ���?� ����K � ���N

�
 	T ��	@ 6��K� ���� �	F@  v	+ =���� � G�H ������ -K	� C��	+ .���

������ -K	� v	+ � A��� \<f �H 
/TK�H �H���� -K	� v	+ ����N -�5

�� ��?� ����K .�+�Hθ A�+ �,��5 -�5	
����� 0?� �H �H � A4�P -�5

) ����3� K� ���;
,�17 ��,�D� AH�@ (�� ���H �5��Eh   � �	F@ _�;���b  I�Q

�� YF, -�� �	F@ ��+ [B� .�+�H   

  

)17(  θ = π − arctan � b2�r − h
( 
���<� �FH�� =�� ��	r = h 2⁄ + b� 8h⁄  �5��E �� 
+�� �N�� ���H .��H

H ����� =�� � �K�  �� �	
/� AO  �� �P�� ��J �P �� �
��Bc ��N� A���

�X�� 
�?5� �	
/� AO  =��3��� .���� -�  AO  
�3@�� 	c�P �3��F�

�� ������	@ �9D� �	
/� ����� ���2J ^O� K� 	
T�LH �	F@ ���2J �� ��+

.�+�H  

\��	c 	���<� 85	HS��OH ���N YF, � �LN� =�H [��Gads,1 =
-Gads,2 �
 	T	z� �� .
,� ��+  	���<� 	��a� �HGads ^9
B� -����K �

 .��� ��5��E 
,�HA�+ �� 6�/� �� ���N YF, �H ��?� w��
� .�5� 6��K

                                                           
1 Wetting 
2  Non Wetting 

[������ = �� = 1 ���2J � �5�� = 1  ��� = 0.25 �
 	T	z� �� 


,� ��+. 
  

(^��)  (p)  

6
	 3- (T)8 M��Q ��*8'1200   (U600  
  

5- 62�2:� ;�!� �= .�,75=  
C�D� -�	H �,��5 	
���� =�	
?1� �� AB9B� 
��� �AB9B
� -�5

�FH�� S��OH �� 
,� AB9B� )18( �� ^�	3�Z��+  

)18(  u = vwxyz{v|x|}~  
 ����N��I �	;P 8.P � �5��N�_��� AB9B
� C�D� A� 8.P � �� Z�+�H

�� ���3� 
��� S��OH -�3H �� 
��P -�	H ������	T -�5  �H I��, AE��

 A� ���3��	T  �� .
,� ��+ �
 	T	z� �� AB9B
� ��P�� �� ��N�� -�5

A�+ 5 ���?�
� C�D� K� -�AB9B ��G-�  �H ��+ ��.����+ �
+�� �� 

 ��P�� �� ���N 7���� � ��O� 7�K�� �H �N�� �H �
��� .
,� ��+ ���� [��?�

�� AB9B� 	5 -�	H �AB9B
��
+�� ^9
B� ��
E�, ��J 8�����8�+�H  ��

6����J =�?5 	�R�� �,�	H ���<� =�� ���5� K� ����� ^9
B� -�5 .�+�H 

@ :�;� �,�	H -�	H�	F@ ��
H� �AB9B
� C�D� AE�� �� �	F 	F@ �H -�

������N AB9B
� C�D� YF, 	H ��?� S��OH ��  	� 	2�� K�  �9�,�H ��

�
,� ��+ �� ��	@��G :�;� �,�	H -�	H �H�/� ��Q �H � 8�5� �I��, K� -�

 _�;��� �H I��,K� �?9� eB/� �� AB9B
� C�D� YF, 	H ��?� 

�� .8���(T 

 �	F@ �-������ �H 6��,� � ��	�� ��L5 ��J 
+(T K� �3H I��, ��G �� �H

 
f	,�����"N  � ��N� �H�� �5� [��	T -�	������,�D� ��P�� ��	Q� .��+ 

 \<f �H 
/TK�H -K	� v	+ K� � 
,� ��+ �
 	T	z� �� ������ S��OH


,� ��+ ���;
,� ���N ]�F, ��9� �� A���.  
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	 5- ���,�622:� ;�!� '8 &8 ��9) .&8  P?(� * ��9 54 �. 62�2Q

 ��B�� 6<�.8/0��(.�	�=  
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6 - ���5= * Z!= * &'�()�� [��:� 
K��� � _�c�� S��H�� d�@� �,�	H �H �N�� �H �	c�P �3��F� �� �H 

 8�U� �,�	H ��94� ��5 �AB9B
� ���� �� I��, :�;� 8�U� d�@� �,�	H

AB9B
� ���� �� :�;� ��  ��J ��f�2�����  
��� �
NL� ^9
B� �� Z�+�H

 � :�;� 
f	, -�� 	H ]�F, -L�	2H� �� �
,��H� � AB9B� 	�R�� =��>?5

 ��	@ �,�	H ���� �� AB9B
� C�D� �� :�;� -�2���
 	T
,� �5�� � ���5��

 AE�� eB/� -�5	��� �� 7��� 89�  [��?�� � :�;� 
f	, [��L � -�	H

��G AB9B
� C�D�-� ��+ �b���
,�.  

 ��f�2����� �FH�� �H �Ca = ��"N�� �⁄�� ���� 6�/� � �� ��+ "N ���� ���  ��  ������ 
f	, \��	
H
NL�  ���2J ������:�;� I��,

�����:�;� I��, �  �DF, [/��� .��+�H�H 6��K L�� �3H

S��OHt* = Tu0 d0⁄ ��+ ^�	3� �� 
,�T �� ����K AP�	� ���3��+�H.  

  

6 -1 - 62�2:� 5:(= �� �.�� \85"B �. 0��� +,"�  

 � 
,� S�	;P AE�� �� I��, :�;� 7@�� �� AB9B
� ���� AE�� �� :�;�

 � ���� 
�?5� �	;P ���<� �� S�	;P �� :�;� d�@� A�+ =��	H��H L�� 	
?�

��
H� ��z�� =�?5 �H ��+ �
E��	� 6� �H  ��J6��K� ���,  |�.�� -�	H��� �

 Z
,� ��+�� 6��?� 6�,� =?c  ���� �� :�;� �H v�H	� 8�5�;� ���

�AB9B
�  :�;� A�+ �H �N�� �H�� �
,�� 	H L�� �� �D4 .����(T 

 �� =��6��K����� AE�� �H I��, :�;� ��5-�5  ���� �� =���� ��	@ �,�	H

��8�5� �����H AE�� I��, :�;� �H -����H 
5��+ �� �� ��+ ��.�� -�5

���� AB9B
� C�D� �� .6��K�  �� �� �I��A�+ ��+ ���� [��?���G �
,� -

����� 
f	, �H [��	T 	R� 
D� �
,� =��, ��
H� �� �� I��, K� -� lu.ts-1 "f = 0.1 0� �� �� :�;� =���� ���� .��� 

 ��/  ��,�D� -�	H�2�����  �FH��)19�� (  7N�	� �b���
,� ��+ � ��

 ��/  �2
�H���2�����  �I��, � YF, ��?� ����K �H�����H ��3H��51  �

 ��DF, [/�l ���N�� �� �� 6�/� ���5�]13 ,14[. 

  e� = −4 ����	��
O����                                                        )19(   

���2�5 K� 	
�J�� ��?� ����K ��900 �� ��/  ���<� ��+�H��2���� 

�+ �5��E �;�� �� 0?� ���� AE�� �� I��, d��L� �H �����Z  �7@�� ��

� =�H -��/  �W
E� \N�� 	�� =������ AE�� K�  � �� =�� ���<� �� ��+


��P =�� �� ��/  �W
E� 
�r� -���<� �� Z�+�H��3�  ��/  ����� I��,

���� AE��  �H K�  �� �	
/� YF, 	<3� � 
,� ����� :�;� I��, K� 	
/�H

 =���� 
?,��H �5��E .�H �� 
,��H� �YF, �H 
��P =�� �� A��� =�?5

�� ����+	�����T A�+)6-(^��  K� [�H ��?� ����K 	T� 	2�� �	Q K�900 

 ��/  ��+�H�2����� �5��E 
�r�  	�� =�� �� ��H AE�� I��, :�;� 	H�	H ��

�� t�;�� 	���� :�;� � �	� �5��E 
���<� ���� Z�
 � K�  �� =�H ��/  �W
E�

 �;�� -���<� 
��P =�� �����+�H K� 	
/�H ����� :�;� I��, ��/  ��3� �

5��E p�D� K�  �� �	
/� YF, A�+ � 
,� ���� AE�� ����� I��, �

.��H�� ����/�	� �� L�	2H� YF, �H 
��P =�� ������TA�+)6-(p  

 I��, YF, -��D�� �� -��
 � =��J �5�+ L�� AB9B
� C�D� AE�� ��

 .�	�T �� ��	@ �,�	H ���� �3H -�5 
?�@ �� �� 8�
�5 ����� :�;� A�+

                                                           
* 

 ���+ �P�� �� ��3H���.��+�H  

1 Capillaries 

6 [�� 6�L�� ��?� ����K �� 	5 �� =���� ���� AE�� I��, -�� L�� ���6�/� 

��[�� 6�L�� 6���� ����K |�T 0� �� Z�5� ����K �� I��, -��300  ��

 .
,� 	
/�H ����H 
,��H� 
��P ����?�  ���� AE�� :�;� 
f	, �H v�H	�

�� �H =���� �� =�H �	
/� AO  �� -L�	� �F<� 
f	, =
 	T	z� �� K�  

 A�+7  L�� ���� [��?���+ .
,�� I��, 
f	, 7@�� �� ����?� =�� S�� �

[���� 6�/� �� ���� �� -�� .�5��� ���� A�+ �� �� ��F��?5 ���+

�� [��L � 
��P ��	5 -�	H :�;� -��
H� �� I��, 
f	, 0��L� �H � �H��

 ���� -�1
�� �H 6�+ K� 
f	,�� �
,�� � ��+
f	, I��,  �:�;� S�� ��

 ����K ��300 
f	, K� 	
/�H ����q  ����K �� :�;�1020 �� �H 	
3�	, � �+�H

�� �9�� -�1
��.�,�  ����� :�;� I��, 6��,� K� A�@ �� -��f [���K� �
���

.
,� 	�
3� �1
�� �H 

 
 

  
(^��)     (p) 

6
	6- M��Q ��*8' (T)8 >��,� �),) 678. 0��� +,"�300  M��Q ��*8' (U

1020 .�]=8 )�Q�?��!� ��B�� 80×200 ���	�=  ����' _�` �� �. *. 54 *

�� ��	�=(.  

  

  
  

6
	 7- �),) 678. +,"� Pa5� �8.,��>��,� O� &85=, ��5b=C * P�*�=C c  

  

 ��6��K�  S��;
� -�5	F@ �H =���� ���� �� �� �� I��, ��G :�;� �|��

�� �,�	H ����,�D� ��P�� ��3H� .8���80 ×200
?, ���� 	F@ � �J 20  �

 
,�� 
?, ���� 	F@30 ��?� ����K � ���+ �P��30 �
 	T 	z� �� �N�� 

��+ K� L�� �DF, [/� Z���6��K�  �W�G045/0 ���� 
,�H =��H .
,�

 d�Q \��	� �FH��)20(  ��/ �2�����  
?, ���� K� 	
?� �
,�� 
?, ����

�� �J+�H�� :�;� 	
3�	, 
,�� 
?, ���� �� I��, �.�
� �� Z�.()���  ��

 ��6��K� ����� � �H���� -K	� v	+ =���� � G�H -K	� C��	+ �t�  -�5

��+ �
 	T	z� �� ���N �����N���. 

)20(  
e�,� = −40.045 ∗ ����30
20 [ e�,�= −40.045 ∗ ����30
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6 -2 - e�G� ���5= +,"�  

[���K� 6����?5 � �������  �H	.� |�� I���, C,�� I��, 0� ���.H�N 

��J -�	H=� 6� � ����� |�.�� 7��� 
;N      |��� ��H ^�9
B� 8��U� ��, ��5  -��5

�H�N  ������� ���N1 � K������  ���	2�� V � -�W�����  V���	2�� 2  ����,��+ ��

-K� ����?� -�� �� ���	� logCa_logM 8�,� AH�@ �  
�,� ��� M   
����


NL� �� �+�H]15[     ����?5 � �������� C�,�� ���P�� ��, .� [�  ���+ ��b���  �

  -�W����� � K����� -�5�	��  =�H I��3� -���� 	H ��P�� 	5 -�5K	� 
�3@��

.
,� ���� 
,�H =�� ��  �������� C,�� ��+ �b��� -K�  ����?� K� ��3��F�  ��

A�+ 
,� ���;
,� ��+.    0�� K� �����	N �H�/� S�3��F� � 6�/�� ��� �� �
���

  � ��N�	E � -���� =�H ��/  �W
E� 0?� �H AB9B
� ���� AE�� �� I��,

�� d��L� ����� 
f	, 0� �H     ���P�� A�� �� ���
H� �� ��� �� |�� I��, � ��+

AB9B
� ���� K� �� ���� ��	@ AB9B
� �� 6�	�H �H���� .� ����< �	c�P � �����

:�;�  �� 0�AB9B
� ���� ��G8z���� 6����J �H -�  )  -��5 ��G �H �  ^�9
B�

  (�
�,��H� � AB9B� 	z� K�        ������ 
f	�, ��H � [��	�T -�	��� 	�R��� 
�D�

   ��+ ��,�	H eB�/�� 
�,� �  8��U� -��5  K������  V���	2��   -�W������ 

 ���� V��	2�� �3��F� �
 	T ��	@ ��� =�� -�	H .����1J� 6��K�   ��
 	T |��.�� 

 ��1J �� .
,� 6���K�   ����2J 	����<�  ���5ρ
1
=1  �ρ

2
=0.25  ���P�� ���3H� � 

 ����,�D�160×230 AB9B
� ��P�� ��3H� �230×118 �� �� �� .�+�H 6���K� 

�I��  ����� 	F@ �H �	F@ :�;�40     ��H A�B9B
� C��D� �� ����+ �P��   
����

 AB9B�96/0 ��+ -K����� [��?� -�	H .
,�  �� S���;� 	�
1H  8��U�� H -��. 

 K� ���;
,�7��� 89�  ��	F@    ��
 	T ��	�@ ��,�	H ���� L�� 
�,� . �� �� 6���K� 

 _�;��� �H 7��� 89�  :�;� �	E�40  ���+ �P��     
���� ��H A�B9B
� C��D� ��

 AB9B�93/0   ���+ -K������  .����    ��H v��H	� |KG S��fWQ� ���1J6��K�  �� 

 I��N1 .
,� ��+ �����  

 S��;��9�@ S�3��F� �H �3��F� =�� 	2�� ��G 	R� 	H ��Wf) � S�	;P ��5

(]�F, �
,��H��� [��	T -�	�� ��N� � �	F@ 7@�� �� Z�+�H 7��� 89�  ��

�� :�;� AB9B
� ���� �� ����� 
f	, � [��	T -�	�� 	�R�� 
D�.���  =��

 ���� L�� (S��;
� -�5 ��G �H) ��E �H 6���H p� :�;� �� ����.��+ ��  K�

|�	T��� �� �� �.��  	R� C<  -K�  ��f�2�����  
��� �
NL�  ��+ }�D�

 �� 	5 �� �
,�6��K� �H�/� �85 
 	T 	z��� 6���� �� [��	T -�	�� 	R� �

��+
,��H ��f K� �[��	T 	R� =
 	T 	z��� -�	H ��3��F� =�� �� .�3H  ����H

S��OH ��Bo = ��b��/�  � 
,� ��+ ^�	3�a �	;P C,�
� _�3+ �5

�� �� 	5 �� � 
,� ��+ ���;
,� ��+�H6��K�  	z��� 6���� ��f =�� �H�/�

��+ �
 	T .
,�-K����� |�.�� �	2�� 	�: AH�@ �
�� ��?� ����K �� �5900 

�� �r�E -L�	2H� � �
,��H� 	z� K� ]�F, 	2�� �����3H Z
,� .��+�H ��

 A�+9  � A�+10 �2�� ��1J :�;� -�56��K� ��+ ���� [��?�.���  

                                                           
1Stable displacement 
2Capillary fingering 
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	 9-  �= &'�- �8.,�� .�a�b���,�  P?(� *P��) ;7)T�:2� &�4

 &5:(<�7 e�2f�� 8�� e4 '8 8� ��B�� �� P?(� ��5d >�F ;7 * ��<

P��) �� L�3� 8� �� (.�4.  
  

0*�� 1-  P��) P?(� * �b���,� .�a �= L,�'C *. �= g,=5� \�aNJ8

\*�":� 

6��K�  τ1 τ2 

u0 
 �P�� ��)

(���+ 
M Ca logM logCa 

I��  1 1 1/0  1 37/0  0 43/0-  

|��  2 1 0003/0  3 001/0  48/0  95/2-  

|�,  1 1 0.3 1 1.11 0 046/0  

|��1J  2 1 002/0  3 0007/0  48/0  13/3-  

  

  

(^��)  

  
(p)  

  

 6
	10 -  62�2Q P?(� �. 62�2:� ;�!� 678. �5Od +,"� &,b)8 �,:��<

96/0 _*. L,�'C (U 0*8 L,�'C (T)8  

  

(^��)  (p)  
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�� ��5�/� �� ��F��?5 
��P �� ���+kL�  V��	2��  A�+)11 -(^��  :�;�


/2�� S��4 �H -�� -�	/�� �����C<  � ���  ���f �4�E -�5	��� K�

�����3� �����:�;� I��, � ���?� 5	T�� 	H �� �� -	
?� -�1 .�	�T w��
�

 �� �5� �� 6�/� ���<� =�� -��f 
��� �� 6��	N 8�U� =��
NL� -�5

=���� K� �3�,� w�� � �� K� 	� ��f�2����� �� y�-�W���� 
��P �� .�5� 

8.��� �1�N 0� S��OH :�;� V��	2��  �� -�	/�� ���3� � ����	T -�5

��	H �� �� -	
/�H |�?� I��, 7@�� �� Z�	�T 6� K� �� -	��� �� ��N��

�� ���f�� 	� �� ���)���?� A�+11-^��  (p � �Q �� �P��� ��3H �� �
���

	2��  �:�;��� ��5�/� AH�@ 85 ���5 �H ^9
B� -��f S�/���K� �H ��� �+�H

8�Bc ����H 
��P =�� �� ��+ ��.�� -�5	2��   �� 8���,� �.�
� =�� K� 	�

�� K����� 
��P.��+�H  

  

6 -3 - 62�2Q P?(� 5�h�Q ���5=  

 C�D� AE�� �	F@ :�;� 
f	, -�� 	H AB9B� 
��� 	�R�� �,�	H -�	H

 AB9B� w�� AB9B
�9/0 �85/0 �8/0 �75/0  �7/0  ��	@ �,�	H ����

�
 	T ���  -�	H� 	
����� K� �AB9B
� ���� �� :�;� 
f	, �,�	Hh
*  
��� ��

) :�;� d?fh ( ���� �9� _�;��� �H ����K |�T 	5 �� AB9B
� C�D� AE��

) AB9B
�L�� ( �FH�� �H � �+�Hh
*
=h/L �� ���� [��?� ���;
,� ���+

��+�� 6� �H v�H	� ����P	Q �
,�  A�+12 ��+ ���� [��?�.
,�  �� w��
�

 A�+13 ��+ ���� 6�/�����,�D� ��P�� ��3H� .���80 ×200 �	F@ ����� 	F@ �

20 ��?� ����K � ���+ �P��60 �� �N���� ��z
�� ����F��?5 .�+�H � ���

��+ ���� 6�/� A�+ �� [B� YF, -�� �	F@ AB9B� [5�� �H �
,�

��  � ��+V�5� �� [5�� :�;� A��� :�;� AB9B� 	
/�H [5�� �H � �H��

�?� |�.����G�Q 6��K 
+(T �H �
��� Z�	�T S�	R� A���H �	��2�����  �

T�� A��� :�;� |�.��	, [��	 AB9B� [5�� �H :�;� |�.�� 6��K [��L � .��+

.
,� \9F� =�� 	2���H �L��  
��� 	5 �� :�;� �H v�H	� C,�
� 
f	,

 �� �?� S��OH AB9B�  I��N2 ��+ '��LT .(���+ �P�� ��) 
,�  
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�0*� 2- 62�2Q P?(� 54 �. +,"� ;�,:� Pa5� 5�.�I�  
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� 
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f	, Wr�9/0 \��	
H �4/3 �5 �11  �

25 AB9B� �� :�;� C,�
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f	, 	H�	H -�585/0 �8/0 �75/0  �7/0 ��-

.�+�H [���� 6��K ��+ �
;T W�@ �� ��F��?5τ1=τ2=1 ���2J ��5 ρ
1
=1  �

ρ
2
=0.25 �
 	T	z� �� .
,� ��+  
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 � �+ ���+� G�H  �� �� ��F��?5 A�+ ��13 �� ��5�/� 
��� �� ���+

AB9B� :�;� �� =���� -�5 A��� S��OH�?� S��4 �9�E :�;� 6��K �� �	�T

��G�Q  � 
,�V�5� 6��K �� :�;� �3��F� �� .
,� 8�����H ^9
B� -�5

	c�P�AB9B
� C�D� ����� A���H ��G� 6��K [5�� 6���� -� � :�; [��L �

V�5�  AB9B� 
��� -�	H ���?� 6���3H ���<� =�� �� .���� ��N� :�;�75/0 �

AB9B� 
��� �H ��G ��1J K� ���;
,� -�.H 6���� 75/0  :�;� 6��K �H)

(��G�Q � �H ��G ��1J K�AB9B� 
��� =�2���� 6�?5 75/0� 	���<� �H ��

S��;
� 76/0 �75/0 �75/0  �74/0  ���;
,���+
,�.  

 A�+ ��14 V�5� .
,� ��+ ����� ^9
B� 6����J�� -�	H :�;� 

�� ��5�/� �� ��F��?5 ��+V�5� 6��K �� :�;� ��Q �H ^9
B� -�5

 -	�2?/J[��L � �
 �� ���P :�;� =�2���� 
f	, �����FH Z
,�5/2  	H�	H  
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,������ 	��a�  ���@�  ��G AB9B� ��
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(�3H �
 �� [5�� .
,� ��G �� ����� :�;� I��, 
f	, 	��a� ���� =�� 
9f

 	��a� A��� �H I���K���� � 	�2?/J 	R� � S�	;P -�5 ��G �� :�;� -�� 6

.
,� 	2��  

  

6 -4 - AO� &��5b=C �� �:�*�=C �`k�* 5�h�Q ���5=  

 -�� ���N ]�F, 6��H L�	2H� �� 
,��H� 
�4�OE 	R� �,�	H -�	H

V�5�  �?5 ��H 0�9B9B
� ���� �� :�;� -�2�� �5	T � 
,��H� ����N -�1

L�	2H� ������AB9B
� C�D� �� �����:�;� I��, 89�  � �	F@ A�+ �� -�	H � 

�� �	  .���+  

 �� A�+15  ����� :�;� �	F@ -�	H ^9
B� AB9B� �, �� :�;� V�5�

��+ ����� AB9B
� C�D� AE������,�D� ��P�� ��3H� .
,�80× 200  	F@ �

�	F@ �����40 �� ���+ �P�� ���� 6��K� �� A4�P w��
� �WE	H .�+�H

 � YF, |��<� -�	�� [��L � A��� �H 
,��H� 
��P �� :�;� 
f	, �=����

�� L�	2H� 
��P K� 	
?� YF, � I��, =�H �T����J -�	�� =��J) �+�H

 ��G �� -����:�;� A��,� ��+ '��LT L�� �
E�, -�5 Z(
 �� ��F��?5

�� ��5�/�AB9B� �� ��+ -�5	
/�H �	T ��9� =
 	T 	z� �� �H � ���N -�5

L�	2H� S��OH�� |�.�� 	
3�	, :�;� � 
,� 	
/�H :�;� V�5� � �� �	�T

���P�	T |�?� =
 	T	z� �� �H ���H 
,��H� S��4 �H ���N -�5 A��?� A���

 -	
/�H 6��K �YF, 6�	� ~�E �H I��, �	4 YF, K� I��, [���N -�	H

���� [5�� :�;� V�5� � ��+)�H�� A�+15 - [5�� �H �
��� .(�� p

�� 	��a� �9� �H w��
� �AB9B�A��� S��OH :�;� W4� L�	2H� 
��P �� Z���� 

�?� |�.���� [B� AB9B
� YF, -�� �	F@ � �	�T 
��P �� ��� .��+

���N � I��, =�H �T����J -�	�� �
,��H� �� 0?� :�;� |�.�� �H � ����

�� A��� (�5 A�+ 	��, �H ����<� �� ��G�Q �
���) 6��K 
+(T �H :�;� ��+

) 
,� �N�� AH�@ �� A�+15- .(^��  

6� K�-K����� �� �N�� �5  [���� 6��K�� = �� = 1 ���2J � �5 �� = 1  ��� = 0.25 �
 	T	z� �� =�� �H �N�� �H Z
,� ��+ �� ��

A�+ 
NL� 
���-K����� �� 0� 
NL� 
��� Wr� =���� -�5 -�3H -�5
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 	T |�.�� 
��� =�� �� L���
,�  8�U� ��kL�  ��	@ V��	2�� 

�� E�� ����q �K�� =�J CE)��	�T 8�U� �H v�H	� ��P�� AkL�  V��	2�� 

-K����� |�?� (������	@ 8�U� �� �5kL�  �H �� 
 	T ��5��E ��	@ V��	2�� 
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E��	� 8�5��E 8�U� =�� �� :�;� -�2�� 	��a� �2��2J �,�	H ���?� 6���3H

 ��A�+  AB9B� -�	H L�	2H� � 
,��H� 
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16 0� 
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�� ~�E -	
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��P �� ��� .
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�	T |�?�-�5 �H I��, ���+�H L�	2H� ���N���T�� -�	/�� -� K� �� ���
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