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 ���� B� ���         H� �;�   �	(	 ��6;! (� *�!�   A/    (� 89HI F
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'�;'("  =��   " � "  	9H- .     �HI���+ XH5` �HC,      ��H- BHa(�( �� % #(
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��(.    	 �7 �	 c�%   ".6G/;! F�( #(     L��d�H@ �	 �I    ��%  �	 
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����� ?@(	 A"     �H�( �	9C *�!�    . H�      >4&$H� #( BH'92' j
-�'"  ���� #( � ?@(	 A" �G� )�  � �� J/ � 1�6" �-�C .(�   �	 �� F
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    '�% U9' �?3 BC B&?C"   � 	9S9� k� "  ' ��-�C H/    '�H% 	9HS  L" 
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 =9a�% {?6G�/�/  '96�C   �/       � �H� )��H- B6@�H� � H/    �9HM'   1(L
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 �� 1LG�/�  �6� ��	 F/      �� 1LG� *+ �I   �	9C �/�   ' �H�	 F H/ L
   �	 ��(92I��� � /?"   � �C�p �6�" �-�C . �S e�'�    �	 ��- �5p 1�

    �#(�'( 1(9�3 BC �;� 89` !/�, Q /W6;��/      	�9H� e(�9H� �iT ]
  � �(�T �	�O6�(" !/ (�C )	�, ( �        B'(96H�( 1LHG�  	 #( �9H\�� F (, 

0� = /�6,  �#(�'( ��S  ! H/�,  HC	 "      �HT	 �HC c/� = /    �	�O6H�( �H6
�" 	9-.  

> �O� �I,     (�	 ��- B6@�� ��.6�	 ��23 �       ��H` �HC AI yH� F
= (/ 1(��&2I   E� B)n (>��53 (#( �':  

� .   =�23( *+ �I �Y%(�7"      #( �H�	g�C �	 �0�� � / H?"     BHC �H6�
��c�� /?" (L�( �6�� A����.  

0 . B��D ��S 9S"�  LI �	 �     �HS BC ��.6�	 �@�� B�,  �wH� / F
       5R� �C )�2� �6&=(   1LG� l�9� ��	g�C *+ H/  B H�  ��H� j� L

�(�iV(,     �     ��	g�C 1LG� E@(	 �	 � ��- j W6;� )/f�2 (  H� F
� BC 1LG�/�- Eu6� ��- *+ ]6;.  

    ( �C ��% �	 ]�� B6&'�R� )�;� F//   U9H' �HI ��S J���� �I F
    � > �O6� t=�u�   [�@"   ( �C )�-�C�   k��( F� �� j,  �;H� 

= (/   � �C B,    �I�I �C [�@ B'92' �I ,  ��HC   �- m�^'( > �O6� 

�;� ���2-  [�@ U9'  d max
ρ

  
g

( )
cm3

  
optmω  
%)(  

�  k� B��� �(	  ��/��  �/��  
0  =9a�% k�/�/6"  ���/�  n/�0  
�  =9a�% k�/�/6"+�%'96�C/�  ��c/�  c/�0  
�  =9a�% k�/�/6"+�%'96�C/�  �Z�/�  �/�0  
c  =9a�% k�/�/6"+n%'96�C/�  ���/�  �/��  
n  =9a�% k�/�/6"+�%'96�C/�  ���/�  ��  
Z  =9a�% k�/�/6"+�0%'96�C/�  ���/�  �/��  
�  '96�C k�/6"  0�/�  ��  



 �������	
 ���� � ������ ���� � ���� �� � �� ���� � /  !"#$%&' /  (�)' "*+ � ,-' /.+%� /01/  

�n  

C+"  �62% �C � � F/ ���� 1(L�         (�HC JH���� �HI 1(9H�3 BC A,  1+ 
    ���! �(�T �	�O6�( 	�9� [�@ .         BHC B6;HC �;H� �I 1��# >��

(�-�    ��#+ �I �	 	9S9� l�    �Y%(�7 �� A0    (LH�( EC�T �3�� � A
�" �-�C .   ( #( �	�O6�( �?3�  !	�� )�;� F"  LI ]% )�     1	9HC BH�

  2`( EC�T B65=(/  �6' 1	9C 1���   �W� �	 1+ x�   	 �HC B;�   �;H� �H.   �HI
�(���� )��(   1(��&2I)c.(  

  
 (�A&($�� �!��&�)&   
B'92'  ,�I       �H�#+ �	 �	�O6H�( 	�9H� �A   �HI      H�� BH��� E��H- )" )
=9a�%/�HH/'96�C   �HH/BHHC � BHHC   (LHH^� �9HH` %�� >�9HHD/HH5" #( 
=9a�%/�/  '96�C   �/     �C �C9`� �D�	 �C   �/    }9uG� 1#    B�

 L%�� j$@� ��( ]2 .(�C,( �   j$H@ }9uHG� 1#  �9\�� F
L%���    �C �C9`� �D�	   ]2/�@  	 �I B�=9a�% [/�/%��   �/5" 

�I�HHHD�	 �HHHC, {HHH?6G� � )� )n )�   �0 %'96�CHHH/ 1 �	 �
=9a�%/�/	�(�'�6�( k��(�C � n�� D  ASTMR� //( B% )�- F� F
(L�(� �D�	 A  ,�I  '96�C {?6G�  H/   =9a�% BHC �/� H/     �9H\�� BHC �

���C"  [�@ ��6��   "��I  ?C�T �C /    ���� �' � �C m�9� �� ?@(	 A" 
 ]I )��( �v/ (�C F, ���C " pw� / ��'( �,    ]%(�H�  H�  pwH� �/   �9HM' �

   ���� �C B'92' �@��� ?@(	 A" '  H/  �H�#+ L�      � �HC ]%(�H� A, 
    	�! m�^'( �(	 k� B����� .   8 �HS0     �C �HC9`� �HD�	 /     BH�
L%�HH� }9uHHG� 1# �BHH'92' ]2 ,�HHI 1�$HH' (� �	�O6HH�( 	�9HH� 

�" �I	 .B'92'  �I      >�H� BHC 0�    (�HC �3�H� , �    1�H- �H@(9�&
    )[�@ BC ��- B��V( �C9`�    6H�4� B\OM� 1 �	 /&"    B6;HC �	 

�'�HH- �	(	 �(�HHT . ��.6HH�	 JHH=�T 1 �	 *9HH`�� [�HH@ KzHH�
�����      	�(�'�6�( ]%(�� A&v �C A)kgc/0 (C9%/ �- �� . �H-� 1�

     ���C �9\�� BC B% ��( �%s"  2%(�� �4� "      AH&v �HC � 43 
       ��- �4D( �96%(�� A&v #( �9%��)kgc/� ('/    ��H- �	�O6�( L

��( . f(	�^� Kz�    	         g �HC JH=�T 1 �	 BH'92' ~�` H�B   ,�HI 
6�4�/&"       >�� BC   ��- 	 �;� �  	 �3�� �     1 �	 BH'92' �H.

  �(��.' �;� J=�T, �-  . ( �?3�  ' ��( F H/  H�� L/     8	�HR� BHC 1�
    C9% #( K� )[�@ 1 �	/  ��( 1�- �� .   �HRC m�H!,    �@�H� �	 

    e(�9� �O7 B'92'n� /?" �6�,  H� BH'92' 1 �	 "  �H-�C .  #( KH�

    �T BH'92' 1�- �	��+             ��.6H�	 �	 �H\' 	�9H� �2;HT �	 (� JH=
�����  #( K�   �	(	 �(�T ��O7 A *+ ��C,- )/�I�,?G� /  (9HI B

     - Kz�   �	�% #�C (�/   �� BC Eu6� �/�     �(�+ BC (� B'92' ��	 F" 
   ( �	 )�	�% #�C�      B\OM� 1	�% �� �	 �T	 B?7�� F  ,�I   �H�	g�C 

 ��  /�  ;C ��	 F/  � ]�� ��"  # )�-�C H�        1	�H% �H� >�9HD �	 (�
�B\OM  �I   # �3�� �C �    �H� BHS  	�/�         BHC U �H- BH'92' �H�	 F

�G��  �   J� � �L"    ( �	 B% ��%�     1�- 	 �;� 1�&�( )>�9D F
(L�( >�- BC e(�9��� A"��C�.  

  
>&+nA� � c  

   U92^� #(�n ��#+ �     	(�HR� ��H- m�^'( A,   R� �H�S  /H/   �HI F
        WC�H�   [�H@ U9H' �I J����"        �H�#+ �HI �(�H&� �H�S �    A

�/.'�/F !/�, �	9C  ��(  .   ��#+ m�^'( #( K�� ���� A�  H?@(	 A" 
  � �C, B'92'   �	(	 )�I �I, �#(�'(  ! H/�,       �H�#+ 89H` �	 ��H- � A
=�'+/ #( �����53 B% ��- L :   ��	g�C *+ �I )��	 g�C *+ #(��
��/�       HC	 )B'92' ~�`  	 �	 ��	 F"     ��' �	   1�H�# ) H�   �HiT �

 � e(�9�/    ��#+ #( K�   A�A .�I�(	92',     �H��� �	9H� e�' � A
�B6�� /  C B% 1��#B  Q >�9D/W6;��/  �I�6�(��� #( ],  �#(�H'(  ! H/�, 

 C ��-B     -�C A�� )��( ���+ ��	" I /= ��/&"     1�H�# �C(�C �	 
  ��' �	  �   -�C A�� �(	92' �" I /= ��/&" /   �H��� �	9� e�'� A

�    lC( � k��(�C B6���     0 � /        EH�   1  l�9� ��- 	���$)�c (
R�//���   F/�- ].  

]�[                                                  t
t W tgs

ϕ
τ ρ=

4
  

  )1+ �	 B%tτ       ( e(�9H� ti� , � "</= ��/I "-�C A���  	�H^

    1��# �	 ��-t) N
m2

(�wρ  B6/;'(	)"=�.v (    A��H��� 8�/H�

  ����I	g    BCs�S *�6- )m
s
2

�/�(�tS     �	 "</= ��H/I 1�H�	(�!

   1�H�# �	 ��H@ B'92' 89`t�tϕ     1�H�# �	 e(�9H� �HiTt) m( 
��(.  

]0[                                                      d t
t

d

dt

ρ ϕ
ε =

2

�  
)1+ �	 B%

t
ε��' ���� �	9� e� A��B6��

d
ρ��@ �$@ �6/;'(	 

)kg

m3
 (��( .    lC( � B5��M� �	� 0        �	 BH\M= �HI �	 �iT )
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�Z  

 ��#+ 89`�' 	�9� A/� #�" �-�C .( BC�  (�H- BHC B6;C )�9\�� F� l
�S�  1�)g�B (,     � B6O-+ � ( BHC ��� H/   lHC( � #( J�   ��  H/ 	���$

 1  l�9� ��- E�  )�c (��( ��- �	�O6�(.  

]�[                                              t Lt
t

w t

Q f

gs
ϕ

πρ

 
=  
 

1 3

16  

]�[                                             t Tt
t

w t

Q f

gs
ϕ

π ρ

 
 =
 
 

1 5
2

2

64  

BHH%
Lt

(kg / m / s)f
2 

Tt
(kg / m )f

3��<iHHD( ,�HHI�96d�� 
��5��(   C A�� ���I	              )�H�( 1�H��S �3�H� lH�96� BHC "-�

)m

s

3

(tQ     1��# �	 1���S e�'t) 	"C (��( .  �;� �� �	  )Q 

 S     �#(�'( F/R� "'��# ED(9� �	   "� ,�/! �'9- .  �iTe(�9� ϕ 
  U �H- �	�HH�#+�A n� / H?" �HH6� )�=t( �H�(  .  	 �HHI Ja(�HHV
��<iD( Ltf     Ttf       E�   1  �\' k��(�C)�c (   ��H- r��

 C BdB      "� �//�� 1��# �C "i@ �9` ��d   H2I BC )/   ( �9H\�� F H�   	 F
  � (� �6�(���"     lC( � #( 1(9�c     n BC  ��� H/  (�HC J, �S  H�1�  �HI, 

g�B (,     �#(�'( �C   B6O-+    !/�, W6;� /      (�H6C( �	 e(�9H� �iT ]    
��6'(,��#+ �C AB 	� + ��	.  

]c[                                                  w
L

g s
f

Q

ρ π ϕ
=

3

16
  

]n[                                                 w
T

g s
f

Q

ρ π ϕ
=

2 5

2
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 �I�(	92' k��(�C,  	�3�%�=( �9� ,    ���� e�' m�' BC �  A)Ce (
HH- #(/�W� �2;HHT J�f�HH5HHi@ "9'�p HH�HH-�C A�HH� �(	9HH2' B" 

I/= ��/&" /  ���� �	9� e�'�  A�      �H6�C _HT(  �	 B% B6���   lH@ F
� ��- �	(	 �#(�C" R� )�-�C//� F" 		�!.  

 BW5` �9M'  A����� ,��C  [�@ ,����         1  �H\' k��(�C �I
  E�)�c (  �	  8 �S�   ��( ��- Ba(�(  .        	�H3 8 �HS FH�( �	I )

       H�(�C B% �	9C A����� e�' �@�- 	�3  89H��� k�Z  >��H53  
(#( ��:  
]Z[                                                        eI log C= −  

    )1+ �	 B%Ce   ���� e�' 	�3 � � A"     �	 B% )�-�C   E&H-c   EHC�T
 � ��I�$�" �-�C.     8 �HS XC�i� �  ��H@       �@�H- k�H�(�C �HI

     � �! A- BC A������  BW5` B6�	 ���C, "�    HI B% �'9-   BHv �

  ���� e�' �@�-� C A/  1�$' )�-�C �6$  ���� ���I	�A �H���, 
  ��( ��@ �62%. �6' �  x�   ��#+ #( B'92' j�A�I,   B6��! >�9D 

  �	  E&-�    ���� �	9� e�' k��(�C )�  A�     Ba(�( 1��# �C(�C �	 B6��
 ��( ��- . ( �	�   ���� �' � E&- F�     J=�T 1 �	 [�@ B'92' A

    1�$' B% )��( ��I�$� EC�T  pw� ���I	/ ��	 �!	�9@"  7 �	 / F
��O7,       H� BH'92' 1� 	 e(�9H� " �H-�C.     E&H- �	 �    U �H- #( 
��#+�   ���� �	9� e�' A�   AI�% A�    1�$' _T(  �	 B% B6��   ��H�I	

 ���� AI�%� ?@(	 A"    H� BH'92' "  �H-�C .( H�   �W� �H' � F� f�H5 �	 
��2�" ��#+ �A �I,    (�- �C ��- m�^'( �      ��I�$H� EHC�T > �O6� l

    ̀  #( K� B% �	9C" '��# "  (L�( ���C 	 � � A" � �% )�C��6;/   FH� F
   k(	  )� ('/ �6' L� �C�$� x"   �	92' �5p (�  �'( .   �	9� e�' �(	92'

�����  A�     H-�C A�H� �HC(�C �	 BH6��"I  H/= ��/&" BH'92'  (, #( 
[�@     E&- �	 �Ic     ( �C )��( ��- Ba(�( �     e�H' �@�- k��( F
����� B'92' A �I,  �6� {?6G� //    �W� �2;T   �	9C �� f�H5  Hi@ " 

' 1�$' �(	92  ���� ���I	�   ��( B'92' �	 A .     BHS9� JH=�S B6&'
 ( �	�  ' �(	92' F/  = ( �2;T L/  � 1+ B"           1  �H\' XH5` �C )�-�C
 EHH�)�c (�W� �	  HH� E&HH- �HHC B;�( )HH� _HHT(  �	 �2;HHT F
1�$'      [�@ _�	   1�- B6;- ���I	 �HI,      1 �	 �	�9H@ �H�	 

 -�' e(�9�"  ��O7 #( ,  � B6� "   6' �	   �-�C/ C B^/  �.'������ A
�(s"' B'92' 	9@ /�;.  
  
456�  &7 ;�& 2�  !2� 2� +     ���>� <� $2*�)� (�A& � =  (@&�'

!2� �$+= V.+2�WX-�   
�HH6'�HHC xB =�HH'+ #( ��HH�+ �HH�	/�	(	 L �HHI, 0��HH�#+ � #( KHH� A
�/.'�/�,   �	   E&-n BC   �W� >�9D�B; (,       �	 �H�( ��H- �	� + 
(�  � E&- F"      (LH�( �C B% 	�% ��I�$� 1(9��    �HD�	 A'96�C H/ )�

�����A����,   =9a�% k� [�@ /�/6"  � AI�% "��C� . ]HI  H�v/ F
   ���� B% ��( �G$��A����,   =9a�% k� [�@ /�/6"  � BC / 1(L

 B\74� EC�T(, C /   �H��� #( �6$�A �H���,     '9H6�C k� [�H@ /6" 
��( .   �H��� _T(  �	�A �H���,       m 	 � �H! �	 1+ � H�R"  ;HC / ��
��� =  B6��! �(�T _" �H��� �A �H���,C k�  '9H6�/6"  � �H! �	 

 m���v��R"� �(�T B6;I+ f�65;' "!/	� . E&- XC�i�n   �@�H-  



 �������	
 ���� � ������ ���� � ���� �� � �� ���� � /  !"#$%&' /  (�)' "*+ � ,-' /.+%� /01/  

��  

  �@_0 .�S	
 @���Q�  !2� 2�82� �$ #+=] �8�*)# � H�)e([  

  

  
 H*'o .�&�)& 8�#�8$�)& �8 �!2� p2& +��� 2�82� �$ =  

  

 

 H*'f .'2� =�6 �8$�)&�# �X��@�*�!2� ($�6 p2& 2�82� �$ +=  

� �! ���2-  ���� e�' �@�-�A  D9�/{  
�  0<  �� >�$C�_  
0  �-0  ;C/�� ���_  
�  �-�  �� �65;'�_  
�  c-�  B6;I+ �65;'  
c  n-c  ;C/B6;I+ ��  
n  n>  B6;I( >�$C  
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K K B+1% K B+3% K B+6% K B+9% K B+12% B

تركيب نمونه هاي مختلف

(I
ش(

ــاي
رس

خ ف
ــر

ص ن
اخ

ش

  
 H*'e .S� �8$�)&+�? 8�!2� p2& q�' +82� =��&�)&  #�#@G�$ � � a�>C� &�>���,  

  
 ���� e�'�  A(I) '96�C /   	 �7�	 �nco C /A      e�H' �@�H- #( 

����� =9a�% A/�/   ( B% )�	9C � H�  (LH�( F�  H� A"    =	 BHC �H'(9� H/ E
!��5;v" g�C , '96�C /  �W� �	 ��  =9a�% �C B;/�/     XC�Hi� )�H-�C �
 ! �\'/  K5)�� ( (L�( �C�  API ���� �A ����,   H� AI�% " � �HC� .

  	 ]�� E��3�   ( # �C �	 �.� �� F�  HD�@ )��/  ��9H� �" '96�C  H/ �
�"     l�9� *+ *�S �C B% �-�C B'(	 �I, '96�C / ( )�� B'(	 F   BHC �I

      �S >� �^� �	   ��- m�96� >�-�    BH'(	 )�$H' 1� �HI,  k� 
f4��%   � ]I BC "   6' �	   ��5;v/     �S l�9� 1�- B6;- #( B^ H� 1�
!9?S/�, � "	9- . C ��(B  � �\'"     '96�C 	�&?23 �9M' B% ��� H/ �

  ���� 8�6�% �	�A����,     (LH�( �C � 43 )t=�u� � 6�4� A H/;/ B6
=�u�  (L�( �C t�  '96�C �D�	 A/ � )�"  ( BC �'(9��    �H-�C >�9D F

    � BC BS9� �C B%� B'(	 L    '96�C 1	9HC �H� H/  �W� �	 � H�   	 �HC B;�  �H.
'�%" �I, �� "   =9a�% B?2S #( /�/ ]I )�  H�v/  !��5;Hv F" g�HC , 

'96�C/  ?C�T   �/ g�C �, ��9� "         ]HI BC J5� )*+ �9�7 �	 1+ 
5;v/    B'(	   ��- t=�u� 1��I, '96�C / (	 )�B' �I, =9a�% /� H/  (� �

  �S r�HR� �	 �9?G� 1�- B6;- #(   �	�% B`�7( H�  �$H' 1�
!9?S/�,� "�2'��.  

     �(	92' BC BS9� �Cn   �C �HD�	 /  '96�C BH� H/     8�H6�% �H�S )�
����� ?@(	 A"     	 �7 �	 t=�u� � %�"          �HC BH% �H�v�I )�H-�C
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 � 	95�C"      H3 �	 �H�( �$GC /    H2' 8�H7 F"          EHC�T �9H` BHC �H'(9�
B\74�  (,  �-�C �pq� .  BH6&'    2I( La�H7  H/ ( � H�     + BH% �H�( F H� �

;'�6�/  �9?G� m�9� E      ���� 8�6�% ��S BC �I�  HC )A/    �H7 #( A
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B'92'  ?&$� )�I"   ;'�6� �\' #( /   	�(�' 	9S  m�9� E .    H3 �	 �H�(/ F

   � �\' BC 8�7"  ?3 B% ���/ ( ]Q��F   =9a�% �9?G� B%/�/   �C ��0o 
'96�C/         ;H'�6� �HC t=�uH� �	 �HM� �	 �/       �(�HT lH�96� m�9H� E

�" !/ ;'�6� )	�/  � m�9� E"  	 �7 �� �'(9�,  � EC�T     BH% )�-�C BS9
���C m L="C /( �	 �6$��# F/� 1�$' (� B�"�I	.  
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    B'(	   ��- E��5� ���%(��       �6$/C ��$� 8�23( E/=	 BC k� ,�I
          ]^;H���/Q ��6@�H�   BH6��! 	9H@ BC ,#(9� �=�7  (� ,�H�

"� 	�^�(���%.  

>&+c  
#( �����53 X/WM� F�( x��6' BD4@:  

� .k� �I, =9a�% /�/6"    k� BHC �5;'  �HI,   �9� �H'9� �'9? H/ �
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����� ?@(	 A"  BC 	(9�      �I�� �@�� �	 B6�� ��%, %�@ "  �pq� 
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