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Abstract  
Simulation of flow phenomena in porous media occur in many areas of sciences and engineering. It 
has wide applications in a variety of disciplines including water resources engineering, environmental 
and chemical engineering, petroleum engineering, and groundwater hydrology. Both theoretical and 
experimental studies conducted to further our understanding of flow and transport phenomena in 
porous media are based on Darcy and Forchheimer constitutive equations. In recent years, a few 
investigators considered converting original porous media into a 2-D and/or 3-D networks to address 
challenging and complex issues in porous media. Such a network can be conceptualized as consisting  
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of a series of pore bodies and throats. Pore body comprises the void between grains and throat 
represents the channel connecting two pore bodies. The basic question is how to choose throat’s length 
and size. In this study, two porous media of uniform size (i.e., spherical balls) but different diameters 
were constructed in the hydraulic laboratory of school of engineering, Shiraz University. A 
methodology is developed to convert each porous media into an equivalent network and the resulting 
network is subjected to rigorous computer simulation. Validity of such conversion is achieved via 
triggering and monitoring the two actual porous media in the laboratory. For this purpose, the 
equivalent network of first porous media is calibrated Preprint submitted to Journal of Water and 
Wastewater Engineering 5 May 2008 for pipe roughness using three different resistance equations. As 
both porous media have the same surface roughness characteristics, the equivalent network of second 
porous media is solved in a forward manner with different upstream heads using roughness coefficient 
obtained from the first porous media. Observed and simulated water surface profiles and outflow 
discharges from the second porous media are compared and contrasted to each other. Results show a 
good agreement between predicted values of the network model and experimental data obtained in the 
laboratory. 

Keywords: Porous Media, Network Model, Network Physical Properties, Pipe Network. 
 

������� 
c�Q� J��� )��, J���5 �,��E ��3�3�8 1��2��E��<  ���	� 1�2

 2��, 0���5 (3 �,��H� � =4�F ��	�� 1�H&�E �� $>��%��, 1� !13
 J4�E�I !�83�Q3 1�2��E +��� g4�� !��2 �� J(���� � ��2�	��8 !��2

��3� ������(��( .�����,��E J(����� �� )����, J�����5 !������(��( 
���%�� � �-��r�8 0E3����� "����C !����� 1���2�	��8 J��� J�����5 

$���'� ���	�� 1��2 +���( J��� �� =��/ "�# "���C �{�C��� 
!"�# J(���� �,��H� 0E [4E��  ���Q� c��Q� J��� J����5 1��2

  ���	� �� 3��
 ����r ���.�I��7�
  �B� 0E !�8�O (3 ����( 1�2
J���5!c�Q� J��� $(3�3 J���3 =�F +��7�2 �  ���	� 1�2 1��I

 �� !�3�q +���E �� J�����5 ���B������2 ����	�� 1���2�	�3��
�	&���E 
c��Q�  �< !0�	8��6
 ��4�� 0����( +��3 �� J4�<��� 0�< ���K�KQ�

 �E � $�� 0	8�I �d �� )�	�< W	��, �� ��4� 0E  ���	� }�,3
 c�E3�� �?��,3� 0�E "�� !�2�%&���(� �3�2�&� (3  ��C ���	
 0�pE3� ��E ���	�� J����5 "F��, � ���B����2 J���3�I +�E �E�?�

 �p/)�,�3� J4�P^(�p/ ��* 0pE3� �)����H��48 J4�Pj(=3�P3
 ",3 $����I]9!:�D[.
2� �� 1��AE 0, �� � �� 1�H���5 �,��E 0E (��  �B� 0E !��/3 0

�I��7�
 (3 �/�E  ��Q� �1�H	�����Q� �4�5� +��7�2 � �H� 1�2
 )�� �� J3�3�8 )�� (3 $��#	,3 !���P �E�?� 1�2 0���� 1�2 ��4�� 13

KKQ� (3 1����E 054�J�",3 0	8�I �3�P ]VX_[.
)�� +�3 �� � ��4� 0E  ���	� c�Q� !�20�� $��#C (3 13 � ��2

 0��� �E � $�� 0	8�I �d �� 0	,4�
 W2 0E 1��?� ��E 3��?� ��2 1(�,
 04I 0E !0B4B �� 0�B4B +�3 )�N�3  Q� 0< 13 ��#�3 3� $��#C @�K ��2

 0�B4B 0���� �� ��4� 0E c�Q�  < !��< 0���� 13 ��� 1(��, ����I 

1 Darcy 
2 Forchheimer 

]e!f�9x[.� )���, "�<�C  ��C G-�F J���5 !$�I��� +�3 �� �
$�#C +�E +��3 ���AE3 ��pB��E � $�4�E c��Q� �� �4�54� 1���?� � �2

$�#C W�?C J3>��� �� !��H� ���(4� �%4%i +��7�2 � 1��?� � �2
 ��3� W�K	��� ��R3 J� ����4N�/ ��%�� � �5��/ J���5 .��E )��C

 )�� �� 0���3 0E 054� 0���� 1��2 0�B4B � ��H2�I !13 �� �4�54� 1��2
 $�#C +��� !0��� �?� � �2  ���	� c�Q� �� �454� 1���	�2 36�B !

WH� )��� {Q�� �� 0���� +��� 0���� 1��2 ��I��� +���A� !13 1��2
 0�B4B ��pP � )4�O � J� ��AE3 0��5 (3 !0��� ���>�8 ��E Y�,��	� ��2

  ����	� c��Q� �� �454� g�8 �  �/ ��(4� � $(3�3 ! �� "�,3 .
)�� (3 $��#	,3 1�	,3� �� 0L��� 1��2 ��
 (3 ��/�E !13 (3 !J3�%&�2

 ��I��� +���A� 13��E 1����� ��(4� �E34� $��HE 0L��� ��L�>�8 1��2
0	�5 �3]99 �9:[.(3  ����	� c��Q� ! ��B� ��2 0�E 0�7��i ���3 

�4�5� =��F  ��B� 0�E !����E $��� 0	/�, J���� G-��< 1��< �3�q
 1�s�8 "�/34��� ���(4� � ���AE3 J�4E J���� � �2�	�3��
 �� ���T�

 �,3 !�3�q +��E �B�/ �3���i ��E���� 1����� ���(4� ��E34� (3 $��#	
��3�."�,3 ���q 0�E =(' !J��� J����5  ���Q� 1�H���� (3 ���� 
Q��c0��� ! ���	� 1�2 (3 0�< ",3 �p�Q� �E �A��O c�Q� 1(�,

 ",3 $��  �L&� J��L� 1��< �3�q .��E +�%�2 G-���< c�Q� +�3
 )�� 0E [4E�� ���� (3 $��#	,3 1�2 0L�� ��� 0�E !13 0�B4B 0L��� 13

c��Q� J��� )���, "��C !J� J��� J���5 �,��E �E � $��  ����
 ��� �3��P ��,��E ��4�  ���	� ����I]9D[.��k��KQ� ��E !��r�C 

(3  L&�	�  ���	� c�Q� J��� )��, "��C �2�%&���(� �,��E
 ! L� W2 1��� �3�q ���/ `��13�E �I��� +��A� ���>�8 1�2

 �4E>� c�Q� )��A� 0���0�3�3 �� � $����I 0t3�3!+��3 WK, � "Q� 
�2�%&����(� )��� �� 13��53 (3  ���C ����	 (3 $��#	�,3 �E `��

�� �3�P �E��(�3 ��4� ���I .

�������	�
�������� � �� 

www.SID.ir



Arc
hi

ve
 o

f S
ID

50

����m5 ���%���� �	a� � 	s 
c���Q� J��� J�����5 ����4N��/ !1����< �3�q ���E  �����	� 1���2

 c��Q� J��� J� ���(4� �%4�%i � �B��/ 1�s�8 W?C �E Y,��	�
��4��E>!���� �����T� ����< .+����i J��� �B���/ 1�s��8 W��?C ���8�O (3

c�Q� �2� P3��C (3 �%����� ����< �3�q J�����i $4�Q 0E 0	�E !�
 �s8 ��<3�C �� �s8�� ���T� ��<]9V[.�3�q @���i $4�Q 0�7��i 

 �� ����9�4/  P3�C 0E �H� +�E �B�/ 1�s8 !���E ��b��,� �� 
0< ���4�!�B��/ 1�s�8 ���3�C ��� ���?�3 ��	P� �3�q 0�< ����I

  �� kE�p�:����%E �3�P W2 ���< .��?� (3��c��Q� �� 0�< 1��2
 �4��/ "��B�C +����3�����
 �� �3�q !���A��O!�3���P �%����L� ������ 

�� ���I c�Q� �� �03� +	��� $4Q  �B� 0E !>� >�� ",� 1�2 ��2
 G-��� �B�N� !�H� J��E4< �B��/ 1�s8  P3�C � $�� W�3�	� +��E �

�� ��?�3 �H� )�� =�%�2 �� !���I c�Q� !1(�, kE��p� �4�E>� 1��2
  ��9�� 0	8�I �d �� �4�.

�i4� ��F $�4� �3�L� �C3� +��� )S=1.633d(

�T���1��� �3�q �E  ���	� c�Q� �B�/ 1�s8  P3�C �E 

��>E ��F 4� �3�L� �C3� +���$� )S=2d(

�T���1��� �3�q �E  ���	� c�Q� �B�/ 1�s8 ���3�C �E 

$�#C ��(4�  ��� �����2 ��p�Q� �� ���	�� 1���?� � �29!
Wd�� � "/34��� G-��<!",3 � $�4�E $���7�
 �����E !��H�  �� ��3 

$���7�
 1�s�8 +���i �� ��H�  ���Q� � J����5 [4�p/ "/��� 13
��  �&� ����E ����Eb��2 0�E J����5 ��,��E 1�	�,3� ��  ��B� +�

 0���� ��E �4�E>� c��Q� !1���< �3�q �E  ���	� c�Q� J��� (3 13
0��B4B 034	��,3 1���2 13!)����A� ���� 1(���, �����I .u4�� +���3 �� 0��	�B3
0��� 1(�,!WH� 0��� ��AE3 +��A� !0���� +���!0�B4B )4�O � �pP ��2

 �3�q �pP �E Y,��	�",3 .
 �%�� (3 !>� 1�E( Y��r ��2�	�3����
1��H	83 J3>��� � c��Q� �B�N�� h��5 ��E Y,��	� �	���E 0< ",3

$�#C  Q� �� $�� ��?�3 �Ar4� ���I ��&� !�2.
��2�  ��&� �3�q�c�Q� 13�3� Y��*3 !��A��O  ����	� 1�2

 �F4�	� ����E ��(4� � ��AE3 !�H�L� ��	�2 �� ���T� +��2  �B� 0E �
J�L�3 !�B�N� � ���>�8 1�2�	�3��
 1����� ��(4� �E34� (3 $��#	,3 !

13�E �I��� +��A� 1�2 ��� ���>�8 ���� ����� )��A� ��I ��]9:[.
c�Q� �� 0< ���4� �� 2��2�	�3��
 0��2 !J���� 1��< �3�q �E 1�

 L��� ����4N�/ +���A� �� 1����� ��E34� 0?�	 �� � $�4E J�����
��3� 1��E��< J3��i )��A�.

'�,!)+� c  &b ,f+[ � �	s3�	&� �f�� 
c�Q� J��� J���5  ��Q� {Q�� �� )�� (3 $��#	,3 �E  ���	� 1�2

0��� 0B4B �pP � )4O !1�E( Y��r !0��� ��AE3 !13 ��E Y�,��	� ��2
��AE3!g��8 �  ��/ ���(4� � $(3��3 ! ��� +���7�2 � c�Q� h�5 

�� �454� ��2�  �L&� �3�q +�E���� +��A� J� ����I]_[.+��3 �� 
��A� !k�KQ� �I��� +�3 +��4�� ���( �Kp�� ���r�8 }�,3 �E �2
",3 0	8��6
:

��� ��8 J����  ���	� c�Q� ��AE3 �E 0���  < ��AE3 �4�.
���E Y�,��	�  ����	� c��Q� (3 1�4��F J����5 J3>�� 0< �?� (3

 J� J��� �B�/ 1�s8 W?C "�,3 J��� �B��/ 1�2�s�8 W�?C 36�B !
0B4B ��/ 1�s�8 W?C  < )��A� !0��� 1�2 ��d �� c��Q� J��� �B

�� 0	8�I �4�.
�$�I $�#C @K !0L�� +�3 �� �2 3�  ����	� c��Q� �� �454� 1�2

 $��#C ��N	�� �E �E3�E �H� ��N	��  �B� +��2 0E � $��� �#�3 1��2
�� 0	8�I �d �� �4E>� c�Q� �� �H� �E ����	� �4�.

� ���	� c�Q� J��� J���5 ���B����2 u�A�)A� }�,3 �E ����
�4���^(��� 0	8�I �E3�E 0��� J��� J���5 ���B����2 u�A� �E �4�� 

]9Z[.
��N��&� 0��,�Q� ���� !�4�8 ����r�8 J�3��3��P �d �� �E

",3 $�� $���� 0�3�3 �� )��A� 0��� .

1 Taylor 

d

ss

d

s

����� � ������� ��	�
 ���
www.SID.ir



Arc
hi

ve
 o

f S
ID

51

'������Y p�¬ 	. �h�h/� } 1� �h�hb ��"� ��`	1� 
%����� ����< �4/ "B�C +����3���
 �� !1��< �3�q 07��i �3��P �

�� ��?�3 �H� +�E �B�/ 1�s8  P3�C !���I ���I)1�H�L�9�D.(
��� ���8 3��	E3 !��p�Q� +��i ��  ���� "�� +��A� 13�E �4��

 (3 �4E>� c�Q� M!)4O �� $�� N� u�#��3 �� $��P��F �� $��
 ���E $��  �L&� .�i4� ��p�Q� +��i �� $�4� �3��� �pK� +���

)����F "H5((3 !M!)4O �� $�<N�� $��< �� � u�#��3 �� $�<
 ",3 $��  ��&� ��F .(3 �s�AE 0�L��3 0�E 0�54� �E "B�C +�3 ��

$�� $��� +��E �� $�� ��?�3 1�4I �� �2 ��� �3��P ��%�� 1��2 !����I
  L� kE�p� �3�q J����iD��E3�E ��pK� ��F � 0	8��6
 ��4� 

�E d]DD/9 ���� "�� 0?�	 �� � �4E �234/ 0�5�� J� ��� 0E �
�E �4E �234/ �E3�E �p�Q� +��i �� ��4
 

)9(3
T

MNd633.1V =

)j(3
3

S
dMN

3
1

2
d

3
4MN2V π=
















π=

)n(559.0
V

VV
e

S

ST =
−

=

)V(359.0
e1

en =
+

=

0< +�3 ��cE3�� 
d!�3�q �pP e! ����� "�� n!�<4�
 0�5�� VT �� W�?C 
� �pK� VS�pK� �� �454� 1��� �3�q W?C ",3 .
J��2 �� 0dC-� 0< 04I ���I!��pP (3  K	��� �<4�
 Y���r 

��3� �%	�E �H� J����i $4Q 0E G�8�� � $�4E �3�q.

�T�'��i4� �� $�4� �3�L� �pK� +��� c�Q� �E  ���	�
3�C �E 1��� �3�qP�B�/ 1�s8  

'����h�h/� } 1� (�� (	+�4 ,T %�� s l	&� ��`	1� 
��E3�E J����5 (3 ��ApK� ��2 �� �L�B����2 u�A� �p�, "��� ��E 

$�� �� c�Q� 0E J���5",3 .!�4��� J��� J���5 ���B����2 u�A�
�Q�����	� c�E 3�  �� 0�	�� ��4��p�,  � 0E J���5 W?C (3 �

�4� J��E $�� ��]:�9Z[.��E3�E ���B�����2 u�A� !Y���� +�3 0E
�E �4E �234/ 

)Z(
A

V

S
V

R =

0< +�3 ��0pE3� 
R!�L�B����2 u�A� VV)��	�� W�?C J��� �B�/ 1�s8 W?C 

)c�Q�  /3� g�8 �  �/ W?C u4�?� (�SA1�s�8 ����5 �p�, 
0E [4E�� �B�/VV�� ���E .

0E !�%�� �����FR�E3�E 234/�E �4E �

)](
RMS

T

MA
nV

R =

���

)_(
vsA

eR =

0< +�3 ��cE3�� 
VT ���	� c�Q�  � W?C!n05�� !��4
 e"���  ����� !

AMS ��4N�� �p, C3�=�5 ^!Avs�4N�� �p, W�?C �C3� j
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 ��  ���	� c�Q� ��

 �4�E>� c��Q� �<4�
 05�� �  ���� "�� !���I!��� ��pP (3  K	
 "�3� �234/ �	E�R �3�K� � $�4E �3�q .c�E3�� 0�E 0�54� ��E 36BV�
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d1��� �3�q �pP ",3.
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0��� 07��i 0B4B �E ������ 13 J���� 1�2)�pPD�)4�O l((3 !M

� )4O �� 0B4B N����E $�� 0	/�, u�#��3 �� 0B4B ) L��V(13�3� !
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1 Mass-Specific Surface Area 2 Volume-Specific Surface Area 
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�T�-�0��� E ������ 130B4B �J���� 1�2)�pPD�)4O l(!M� )4O �� 0B4B Nu�#��3 �� 0B4B 

0L�� +��i �� ���B����2 u�A� !�4��� ��4H#� �4�E �234/ �E3�E !13
 0B4B J��� )��,  < W?C "�� �E �2)�
 "B�C �� ($��� �� �p, 0E

0B4B �� �2]9Z[.
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 "�B�C �� )���,  < W?C �4E>� 0L�� �� Y���� +�3 0E )���A� !�

 0B4B  < ��/3� W?C �2)VT(���/3� �p�, ��E ��E3�E $�� �� �p, �
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 �����	� c���Q� J��� J�����5 �L�B������2!�L�B������2 u�A��� ���E 
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0B4B �pP )��A� �2 dD_D/x=Db
0B4B )4O �E �E3�E �2d]_/:=l.

����< � "Q��� �E����(�3 13���E�3��� )���� �`�� !�����<�� 0��
1��H�&�
 13�E +��7�2 � J� >�B�� $�� 0t3�3 1�H��� 13��E +���A� 

��� �� (�� ��4� ���>�8 1�2�	�3��
��� !)��A� ���AB�p� 1��,
 "�,3 0�	8��6
 ��4�� �2�%&���(� .(3  ���C ����	 0����K� ��E

 �E $��� 0�t3�3 )��� 13��53 (3 0� �?��	 � �2�%&���(� �3�2�&� 0
�� ",� !���� )��� "Q�� � "�P� G-��F +��3 �� 1��H�&��
 1��2

�� �3�P �,��E ��4� @2��
 ���I.

-�,s	�+	��\ 3�� ,��&� 
1��H�&�
 cE3�� "P� J3>�� � "Q� �E��(�3 �4d�� 0E 13�E +��A�

�I��� )��� �� "/��, � �C3�O 0E =3�P3 !)��A� 0L�� �L�>�8 1�2
��3� ��B������2 $�%&�����(�  ��Q� �� �2�%&�����(� ���,��H� $�L&

 ����I (3��� $�%&3� .��H�� � �4�E J���L� )��� �� ��2 "/�, $4Q
 ���#	� )�� �� �� 1��� �3�q �pP�4E .)��� �� "/��, (3 \�2

 $�-�F !����#	� 1��2�pP �E h�?�2 1�H
4� (3 $��#	,3 �E  ���	�
 ��� )�	�� �E�3+��3 �� 1��H�&��
 c�E3�� "�P� J3>��� � �k��KQ� !

c��E3�� "Q��� ���,��E >�B���� 0�����E �� $���� 0��t3�3 �'����A� �
0L�� ������ 1�2�4E . ���C ����	 (3 $��#	,3 �E 3�	E3 �	,3� +�3 ��

 �
4� )�� @���(� (3Z/_�	�, 0�E �H
4� 0�E 1�E( Y��r !1�	�
 �� +��A� !�?�,3� �	�3��
 J34�F ���I .J���L� 0�E 0�54� ��E h|�,

 ���,�Q� �� Y���r +��2 (3 �H
4� h�5 J�4E >�B��� 0�E [4�E�� �
�i4� �pP �E �
4� c�Q� )��A� 0L�� �� $��#	,3 �� ����I .0�7��i

 ���	�� �����K� 13��E ��/3 W	��, ���Q� (3  ��C ���	 u��#��3 
$�2�&��� ������K� ���E "��,�'�E �� �� ����d 13 �34����2 !���H�

��A� � 0E �?�� �4E>� �34��2 !���E 0	�3� 1�3��S�E ����r�8 ��� 0
0	8� ��<��� �,��2 cE3�� �������I �234/ )��A� .

(3 )�� �2Vxx $�� 0	/�, �L�	,-
 �4� ��F )1�H�L��Z�
](04I 0E !13�� 1�AE �� 1�H���5 0AB�p� � �,��E J�L�3 0� ��

  ���	� c�Q� �G-��� 1���� �3�q ��E �����>�3 � +%�2 !U���� �

�T�d��pP �E �
4�  ���	� c�Q�Z/_�	�, �	� 

�T�z��pP �E �
4�  ���	� c�Q� _/D�	�, �	� 

3��4��)�� �� )��A� 1�2 0L�� �,��2 ��N�&��2�%&���(� 
±�_
	s �%�% 
(cm) 

3��
�%�% 	s
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l	mb�
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�T�� 
(cm) 

l	mb�
} 1� 
(cm) 

3��
} 1� 
(cm) 

�kR
 p�¬
(cm) 

3�� 

x:Z/:x _f_Z/: _Z 9Zx _Z 9Zx Z/_ 9

e_f/f Dex9/9 _V _V D_ _V _/D :

�� ���I .)��5 ��9!��I��� ���� ��,��2 1��2�)��� �� )���A� 
 �P 1�H&�E �� $�� 0t3�3 cE3�� }�,3 �E �2�%&���(�!$�3� J�&�

",3 $��.
 �8��
 +��7�2 � c�Q� (3 �5��/ ��?C �6I !)�� �� �2 ��

 �E !"B�C 1�2��T	� J34�F 0E �� �p, 3��� 13��u��#��3 ���	�� c
0	8�I �3�P @��
 ��4� ",� '�E �� �3.

d�,s	�+	��\ 2+	/� ,`�. 
$�#C \3��O3 �� �454� 1��?� � �2 Y��*3 c��Q� (3  ����	� 1��2

 $�4�E �#���3 �E W�K	�� [����3 �� !�2�%&���(� c�Q� �� +�3 0��5
 0�pK ��2 ��  �B� +��2 0E ��8 ���?�3 J��L�3 !��H� (3 13 ��#�� ��&

 !��3� �45� E0��	P� �4N�/ !0�< ��R3 � $�4�E 0�3� "���� �3�q 
���E >�i� ����E �%���4� .L��� �p�3��� +��i ���13�3� !)���A� 
04I 0E $�4E ���/ �I��� 130B4B 0��� 0� �%�2 !J� \�O 0, �� �2

 342 �E [����3 �� � (�E��	�2 .+��i >�B�� 0L�� (3 $��#	�,3 ��E ����2
�H��� )�3�	� 1L���  ��B� +���2 0�E � $�4�� ��6
 J�L�3�)���A� 
c�Q� (3 $��#	�,3 ��E !k��KQ� +�3 �� 0AB�p� ��4� �2�%&���(� 1�2

 0� ���/ `�� ��E +�B�3 13�E +����� 0�B�K� +�3 J�I����4 c,4� 
0�	8�I �3��P >�B��� ��4�� !$����I 0t3�3 �3>83 =� �� YB�P �� ���3

]9D[.
0E 054� �E )�C 1�3(� ���5�� �3��A� �E Y,��	� !)�� �2 0L��3 

�� �?�,3� !J� �� �454� 0�B4B $�3��5 �p, 1�E( Y��r !���I ��2 
J34��F 0�E �L�	�,-
 1��H
4� �p�, 1�E( �E Y,��	� !)�� +�3 ��

 �E � $����I ���	3 �?�,3� �	�3��
 $�HE (3 1�3��A� ����	 (3 1���I
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@���(� 
 � ���?C �6�I @���
 0�E [4�E�� 1�2 �� �p�,  ��8��
 )�� �?�,3� 0E ��������",3 $.

L��� >�B��� 13��E !k�KQ� +�3 �� 0� �?� (3�0�, ��2 (3 )���A� 
��,�3� 0�B��A� (3 W�F3 !"���K� \��A	� 0B��A�X��3��0�B��A� !z��

J>�2X1>� 0B��A� � =����� X$����I $��#	,3 .���� �H
4� h�5 �
J��L� )�� �� �2 ��",3 �	�3��
 36B !1�2E 1�E( 0�� $���� "�,�

�� �2����F Y���� 0E )�� 3(3 �:
115.W.HC =!mm1.0=ε!009.0n =

�� 1�H�L�_�e0��,�Q� � $��� $�2�&�� ���?C �6I ����K� 
�'���A� 13�E � ",� '�E �� u�#��3 ��	�� ����K� Y�C�E $��

 �E !"���K� ��	�� 0�4I 0�E �
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�T�~�$�2�&� ��?C �6I ����K� Y�C�E $�� 0�,�Q� � $�� ����K�
 ",� '�E �� u�#��3 ��	�� 13�E "���K� ��	�� �'��A� 13�E �
�
4� )��_/D�	�, 1�	� 

)H.W. :J>�2 X=����� !D.W. :�,�3�X!z����3� C.M.:1>� X.���� (

�
4�Z/_�	�, 1�	� $��� ",� 0E �
4�� )��� �� �H� "���� �E �
_/D�	�, �� �p�,  ��8��
 +��7�2 � ��?C �6I ����K� !1�	�

0�,�Q� $�2�&� � 13 0����K� �%����� ��E ���	�� 1�23���E 13�E 13
0	&I �3.)�� ���	F3 "Q� �E��(�3 !��/3 1�HB�, �� � ��r��� 1�2

�=���� �E 1�3>83 �
 �� ��?C �6I ��� ���p3 0E "�3�"�,� +�
 ���/3� �?��, "Q�� {QE � 0	8�I �3�P ��K	3 ��4�^)��� 0�E !��2

 ",3 $�� ��H�&�
 �H� �E��(�3 13�E Y,��� �/�� �� J34�F .��
�2�%&����(� )��� �� ��	�� [�K �� �� k�F @��
 �E �	,3� +�3

 ���� ��r��� )��� (3  ���C ���	 �E �H� 0���K� ���,��E 0�E ���
",3 $����I 1��H�&�
 `�� ���	F3 ]9] �9_[.
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