
���� ���	
:������� � ������ ��� ������� ����  !" 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

7��89� �$�:.�9 ;���< =�>�0� ����.
 7�	, �. ���� ?@�, A��3 #�$�9 �, =����0�0

(���$, �.�B 

C$�+ ����$D &�E�∗*�	 � ,����� �F�	GH &�� �
�0�'��� �I0 

���� ����	
 ������ ���	��� ����� ������ ���	��� ����� 

(&�J- 
�+��� � K$��� D� 7���. �, �� ��$�	 D� �L$ =�>�0� �. D��0 M$�% �	 �9��	 #3 �. ���>�>�� 7

&%�. �	 N�. �����< ;&% �. � (���� #�	D �, ;���< .=����0�0 A�'�	 7��< 7�'0��0�P��� �
(,����� ;���< =�>�0� 7�+ Q��	 #���� �. �� ,�% �	 ?	�% �� 7R�S��H � 7R�S ,��	 ��0�0 ;��T

&0�% �	 .. 7,�$D ?�0��U ��N��� *��-&�+, �	 #�/0 ,�@ D� ;���< =�>�0� V�0 W$�RS� 7�� .�,
�. (���$, �.�B 7�	, �. ���� ?@�, A��3 #�$�9 �, =����0�0 7��89� �$�:.�9 ;���< =�>�0� ���>	 *$�

,&� ;����X� � ��� (&% ����. �.�:� ;���Nu ,&� Y< �. Q���	 ;���< =�>�0� Y$�F �
Pe��� ��S�Z ���[ ����. ,��	�0�0 ;��T \��]	 7�'�^�H �, .W$�RS� &��, �+ ����. *$� �,

 ?$N, ,��	 �, � ��� (&% *��E� �.�:� ;��� �. _3 �. �80 =����0�0 ;���< =�>�0� Y$�F
��� (&$,�Z `�. 7��a� �$,�>	 �. �.�:� b$��0 ;�$�X	.

7&��c ;���c 
=����0�0d#�$�9dA��3 d�$�:.�9 ;���< =�>�0�#��0�P��� 

∗P7930167@iut.ac.ir



���� ���	
:������� � ������ ��� ������� ����  !5 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

�	&>	 
����� ! "#��
 $
�� ����� %�&��'( ) *� %���+# %� # ,-��� .'�
 / 0 .'�
 �
 ��1
 �� %��'* ���+# "#��
 0 ���� ��	
 .2� 3��0 �45� 0 $2� 0 $�! �%��51� %�&��'( )

/ �&��'( ) 6'� �� ,�� ! 7�2��� 8 � .'�9)� %�& :0���� ���� :��9 . # �	�0� 6'�  ��#
 ���� ! <1=� .'�9)�  �>� �,�9�	?� ���@�� �� ,� ��A� %��B
)�& � D(<1=� :* 5 �

����# �
 9F ��
 �+�G��A
 �' �4' �45� ��' H 7��I� 0 7��� .4
 �' J'�9� ����� ! 
]L��.[�� �09)� *0� %�N�2� ��	I *� ����1� �
 ��O� P# �	4��4� 6'� �� ) 0 ,�� ! 7�2�

 %Q �� �# %�& ���'( ) 0 %�9�5 %�	��+�� ��4��0 �45� %�& P�� � $
�� ���9�	?� �� %*��
��'(  # -�# .,�� ! 7�2��� R' N  �ST� �U�� ��� PH1� �( P#  ��F PF �I1N1
 ���
 6'� ��

U�-�# �&�*�# �# ,�� ! 7�2��� ,�9�	?� P��1� �� ,-��� .7�2��� %�	=�V
 *� W-1��
 ,�� !
��� ��� $�4� 6X0� �' 714�Y/ 6Y��� �Z(  �>� ��-��� .,�� ! 7�2��� R' N ,-��� 6'�

����� %9Y) %�&��+F� ��! 0 ,�9Y) �# P+'�2
 �� ���'�D ���+# .�0� �
 ��>��� 6'� #��#
@ [5�@ ,-��� �# P+'�2
 �� ����# ,�B�F � 6'� 9'� ���+# ,��\ $
�� PF ��-��� ]�1

��&� ��� �1@ *� % �	# ���� ! .6'� �� P�) / ^�?�� ,��5�=
 �4'Q151�4� ,_4
  G�@ P#
 �Y�
 �! �� JY�
 �
�H ,��\ $
�� PF ��1# 9F ��
 �'�	�1�+��`�1� %0�  #  ��# P��
*

���+&  �
0 4�
  aF��! �'  �
 .7�2��� ,�9�	?� �� %�H ,_4
 b��2
 6'� �� ,��\
��?'� ,�� !���F �
 .�� 0 ��1� �
 6�� P� c�+�� �� UI � P# ,��\ 6'� PF %�1G P#

�1# �&�1@  � %�H $4
 ���# ����1@ # % ��F  =d *� 7���F P4���1� .^���& �� 7�a
 �1=#
 ��) U)� P?��� �� PF ��� / �
  �+
 ���) / eI�# 0 ��� P@1YF �	5���F0 4�
 *� �1BI

I P# ����F �
 ��?'� %��'* 0 c�+�� ���1'� �# 6��f�& 0  �'�4' �# ,��\ 6'� ��1@ # �0_
��F �
 .'�� ��?'� ,�9�	?�]�0�.[

.'�9)� %�& :0� �� 71V� 3' ��1� �
 �� 1��� ,��\ ��51� ��  �@� %�	�) �D 3� �0�#
  �>� �Yg�+
 ������� ��1
 6�'�D ��?!  +F 0 ,��\ 3h1F �*���� � '* U+��� ,�� ! 7�2���

@1YF��i �
 $! �� ��) U)� 0 ��� P.%���'�D �1��� ,��\ j�9# �B+� k=� 6'�  # �0_I
 0 %���	�� %� # ^*- %�& P�'9& 0 �&� �
 .&�F �� ���� P� PYl+
 0 ���� .'�9)� �� ,��\

��F �
 cF �� ,-��� 7�2��� . �9'� ,��\ ��d Ph & U�� [O
 3'�1l� ,�1� P# 6��f�&
� �B+� k=� ����# PF JY�
 ,��\ ���� ! ��*�# P?��� ��0 �1� �
  ��# �	�( ,�� ! 7�2��

�#�' �
 .'�9)� ,��\ �*���� .&�F �# ���# �
 ,�� ! 7�2��� <1=� *� ��#�� .
m1h)�nn�] (o[�Y
 ���'�
*( �� PF �1# �+F 6�50��0�Z�3 ��V�
 ,-�'� �� 

�� �� P'�D 7��� �� 1��� ,��\ %0�! �1�+��`�1� R' N �� ����5� p1) .'�9)� 0 ��
�� 7���1�
��� ��� �� ,-��� 6'� ,�� ! 7�2���.



���� ���	
:������� � ������ ��� ������� ����  !1 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

7�- 0��]q[�1�+��`�1� PF ��� �� F :��9/�%,��\ ��?!L�% �
1��� CuO �� 
.'�9)� 71��YF 6Y���st�&� �
 ��� �� ���� ! U'��& R' N �� %���� .e�- 0fN

,��]�[%0�! �1�1
 6X0� ���� ! U'��& R' N PF ��� �� F ������%,��\ ��?!
 .'�9)� 6# F1���ot��F �
 ���# �� %���� ..u�1� P�) / ^�?�� %�& ��� # 6' @( *� �4'

g�, �� ���# �
 ]n[�&� �
 ��� �
� �# �� 7��� 1��� ���� ! U'��& R' N ,� ��A� PF .*�
l� 0 �# ?� ,��5�=
 v1�?
 ���� ! U'��& R' N .'�9)� PF �1� �
 [O
 6��h 3'�1

  �>� 3'�1l� %�	5�
 %�& ���# .�D *�  ��# ���+# 1��� ,��\ %0�! %�	�1�+��`�1�
�1�Y��& �71+F�
 ,-���
�0  �0 i ... ���# �
]�s��t[��  ��# %�& ��� # P# *��� 0

���# �
 7���1��� ���� ! U'��& P��
*.
6'� �1H0 �# u'� ��� .'�
 � ���2
 %� #  ��# 7���1��� � #��F PF c��F ��FT� U�� c	
 

,�� ! 7�2��� P��
* �� ��� # 0 P�5�=
 P# *��� 6'� #��# ���# �
 �'�?#�H ,�� ! 7�2���
���� �1H0 7���1��� �'�?#�H .

�� 0#��h]�L[�9��1' %� Z( 7���1��� PF �'�
*( �G /,��\L�% �
1��� Cu P515 �� �� 
�# 7���1��� UY��� ��I PF ����� ��� ����� ��' H ���1'� U#�S ���� ! ��# �#�%,��\ ��?!

[5�@ Z( �# P+'�2
 �� x
�s%UB+� PF ��� �� F % �/ P?��� x`� 0 �#�' �
 .'�9)�
�
 H ,�� ���& �# [5�@ Z( �# P+'�2
 �� 7���1��� %� # UY��� ��I *� t�/�����/� ��A� 

*�1��� ,��\ ��?!  +F  /� ��F �
�/t%��s/�%�#�' .'�9)�.
=R��� �#��h 0��]��0��[�� 1��� ,-��� �'�?#�H ,�� ! 7�2��� 6���� %� # U5�! 0�

��� P�) /  >� . >� �� 1��� ,��\ �1H0 �0�# [5�@ ,-��� P#�
 �� 7���1��� 70� U5�! ��
P�) / *� %*�) 0� y1YO
 %� # �� ]1zO
 %�
 / 0 P�'*14+'0 ����� ! U'��& R'� N �50 

���)� ���# %� # �� �/��F� D 7�
 ^0� U5�! �� 0 ��� ��1�� ������� �1H1
 u#�0� %0�
��� �� # ��4# ,��\ c>� �0�# ,�F H *� ���� ���� ! �/��F� D . .#��h 0��]�o[�G

( 7���1��� %0� PF ��� #Z/Cu .'�9)� ����� ^�?�� ���1'� U#�S ���� ! ��# �# c&�� ��' H �� 
�1H0 0 7���1��� ���� ! U'��& R' N .'�9)� *� ���� �� 7���1��� �'�?#�H ,�� ! 7�2���
%��B
  # �� %�'�H u#�0� 0 �� F ��1�I 7���1��� ��' H �� �/��F� D 0 �)��z� ,�F ! 

?� ,��5�=
 �# ����� Pg��� .#�0i�$,]�q[Z( 7���1��� ��' H ��� # ��/32OAl�� 
�� 7���1��� �'�?#�H ,�� ! 7�2��� R' N .'�9)� ����1'� U#�S ���� ! ��# �# ^��( ��' H u'� �

 ��I .'�9)� �#Re F :��9/ %�0�0 �!�1� �� {��1zO
 ,��\ U>YX 06'� $�5� 0 ��� ��
 U'��& R' N 0 P�'*14+'0 U@�1�4'  �X "'*1�  S� �� ���� ! %* 
 P'- .&�F �� PYl+


��� ��1�� ��1�I ,��\ ��0� # ,�F ! UYI P# ���� !.e��0*$�Z]�n0��[,��5�=
 ��
Z( 7���1��� �'�?#�H ,�� ! 7�2��� %��I/32OAl714�Y/ 6Y��� 0/32OAl%�	��+�� �� 

��� �� F :��9/ �� ,�� ! 7�2��� PH1� $#�d .'�9)� �I��� ��' H ..�� .'�9)� 6��f�&



���� ���	
:������� � ������ ��� ������� ����  !j 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

��� ���� ��� 1��� ,��\ U>YX .'�9)� �# �� ���1'� �� #.i0�$ 0i0�h]st[��� # ��
 7���1��� �'�?#�H ,�� !oilbase/Graphit0ATF/Graphit R' N .'�9)� ^��( ��' H �� 

��� �� F :��9/ �� 7���1��� �'�?#�H ,�� ! 7�2��� .���# .�D ���2
 *�  ��F $��! |'��� �50
���# �
 ^1� 
 ,-���
 PY��1# ��� .����U]s�[��*( �'�?#�H ,�� ! 7�2��� ��� # ��

Z( 7���1��� /32OAlZ( 0/CuO ��&�
 �� 7���1��� u�1� �'�?#�H ,�� ! 7�2��� .&�F
 ���# �� 7��� 0 ,��\ UI � }_�@� 0 ���� P� �1h �Y
�1I *� ���� �� PYl+
 6'� 0 � F

� F.
u�1� *�)  ��A� ,-�! �' .�1H ��� #=R��� �����U 0g�,]sL0ss[U�� P�) / ^�?��

.�1H ��'( ) ����)� J'1�� P# PF �� PYl+
 6'� UYI 0 �� F ��&�
 ��1��� ,��\ ��09)� �# 
��� �� F ��1�I k=� % #* %0� 1��� ,��\  �ST� .#�0i�$,]s�[1��� ,��\ , H�	
  �ST�

 7�2��� .'�9)� 0 �� i ��� # ~'�1l� ,�1� P# 7���1��� ��' H �� �� ��0� # ,�i !  G�@ P#
i :��9/ 7���1��� ��' H �� �� ,�� !��� �� .

%* 
 u'� � UV� ^��( ��' H �� 7���1��� �'�?#�H ,�� ! 7�2��� ��� # P�5�=
 6'� *� }�&
U�� ���1'� U#�S %�
� .Z( 7���1��� �Y�O
 %�	�>YX J�2V� 6'� ��/32OAl0 ��� P�	� 

0 U�� ��� ��� # �'�?#�H ,�� ! 7�2��� %0� ��' H 0 U>YX .'�9)�  �ST� ���# .�D �#
 |'��� ��1
 �� 0 U�� ��'� / P+'�2
 [5�@ ,-��� ,�� ! 7�2��� ��1
 �� 3'�1l� %�&

U�� ��� eV#  S�
 $
�1I 0 $��!.

�/$�	D3 M��� 
���1'� U#�S %�
� %* 
 u'� � UV� �'�?#�H ,�� ! 7�2��� ��� # %� # .'�
*( 6'� �G ��

 $4� J#�=
 �'�
*( c�+�� 3')�(�� P�@��U�� �.���
 3' $
�� �'�
*( c�+��
 Z( �# .'�
 � ���O# ��' H �# .'�
 / %�& .O# %���� PF ���# �
 7���1��� ��' H %� #

U�� 7��� ��' H c�>�� 0 ��) ��
� % �/ �*���� %�	��+�� �� � .�# %� P�� �9O
 3'
 c?!s
 ��4# 7��� � �@\ �9O
 ��1�I P# P�YO�  �� 3' P# 9	?
  ��5 �0� �.�1>�
 P#

 c�>�� �# 0 �� / �
 ������� �9O
 P# ��' H ��/ # u@ ~' *� %�1BI ��' H �#� c�>��
�� / �
 7���� .'�
*( .O# P#  >� ��1
 �#� ���/ # u@ %0�  # �1H1
  �� ..O#
 �Y@��  =d �# x
 x�H *� �Y@�� P515 PF U�1���1� P515 3' $
�� .'�
*(mm60

U
�ONmm5.071G 0mm1 =d �# ��*�N �-1) x�H *� P��1D 0 U�� mm3271G 0
m1���# �
 .x����F 7�! �� ��O# P��1D U�+d �� 0 ��1# ��' H �� 7���1��� P515 $@�� ��

%�
� PF U�� ��' H ���&� �
 $�4� �� ���1'� U#�S .��� %��F J'�I c�+�� }� G�
U��.�t$D1F1
 � ��I )typeK( −$��1) �# �Y@�� P515 P��# %0�  # Cm10�1>�
 P# 

��� ��� Rz� P515 �Y@�� P��# %�
� % �/ �*���� 0 ���1'� %�
� ��1# U#�S *� �����G� .s��I 



���� ���	
:������� � ������ ��� ������� ����  !2 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

F1
 � $D1)typeK( −%�
� �� ��� ��� Rz� 7��� ��' H �H0 @ 0 %�0�0 .O# �� 9�� 
��'��� % �/ �*���� �� 35�#.

?J%k(�/$�	D3 M��� m����% ��� 

U)� PF U�� ��� �������  �
1��
 3' *� .'�
*( .O# �� ��' H ��) U)� 6���� �1>�
 P# 
,�� %� # P515 71G �� �� ��)��F �
 % �/ �*���� �Y�O
 %�& ��' H .*� �H0 @ ��' H

 �*���� P�!�� ���0 x`� 0 ��� 3�@ �� � Z( ��' H �� ���� ! 7�B
 3' �� .'�
*( .O#
�1� �
 �#� % �/ .P# %� P�� P>�V
 3' *� 7��� ��' H �#� 6���� �1>�
 P#

c?!3300CmP�YO� U	H �( 6�'�D U�+d �� Pi �� / �
 ������� ���� �� d % �� .
���� �� d � �@\ �9O
 *� $Bd �#� % �/ �*���� c�+��.

=����0�0 ��'� 
Z( 7���1��� .'�
*( 6'� �G ��/32OAl−γU�� P�) / �� d ��� # ��1
 .��1
 ,��\ ���#�

 �������nm20�F� D Z( $@�� �� PF ���# �
 ��� ��� �� .]�1@  ��A� ^�I �1>�
 P#
 �9�& c�+�� *� u2) 0 U�� ��� ������� %*�� ���F� D �' *�����'�D $
�I ��& *� c�+��

U�� ��'� / ������� "'�
 $@�� �� ,��\ R���
 %*�� ���F� D �1>�
 P# 3��1��� �50� .��
%�	�>YX .'�
*( 6'�s/t%��/t%�t/�%��/�%�t/s%0�/s%!,��\ ��?32OAl��1


 U�� P�) / �� d ��� # .���+# �1�+��`�1� 3' �4'9�) 0 ���� ! ]�1@ Pi 6'� P# PH1� �#
���� "'�
 $@�� �� �
�H ,��\ %*�� ���F� D U���F 0 ��'( ) P# %��'* .P�	� �1>�
 P#

 P��+��� %0� *� 1��� ��1D *� R���
 �*0 ���#� �1�+��`�1� y1YO
  =2
 Z( �# 0 6���� ��d�0

 3��1�� �50� �9�& c�+�� �� x`� 0 ���)7�
SParsonic 3600 ( ,�
 P#�o���� d 



���� ���	
:������� � ������ ��� ������� ����  !n 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

�1� �
 ���� .%�& �1�+��`�1� %� # ���� P� P�1/ ��& ,�
 6'� *� ��#�/s%�s/t%��
,�
s�UI�� �'� �� ��&�
.

;�8���	 (��0 
 N 6���� �1>�
 P# u#�0� *� P515 $@�� �� 7���1��� u�1�
 UY��� ��I 0 ,�� ! 7�2��� R'
c��F �
 �������  '*:

)�(
).(..

).(...
(exp) 12

TbTwLD
TbTbAUCp

h nfnf
nf −

−
=

π
ρ

)s(
nf

nf
nf k

Dh
Nu

(exp).
(exp) =

u#�0� �� PF1Tb : �%�0�0 35�# %�
�2Tb : � �H0 @ 35�# %�
�Tb : �� u�1�
 35�# %�
�
 � �+
 71GTw :�P515 ���1'� %�
�D:�P515  =dL:�P515 71GA:�P515 "=2
 k=�U:

���' H u�1�
 UI �nfρ:�7���1��� P���+���nfCp : �7���1��� ]1zO
 %�
 /(exp)nfh:
��� R' N �7���1��� u�1�
 �'�?#�H ,�� ! 7�2nfk:0 7���1��� ���� ! U'��& R' N

(exp)nfNu :���# �
 7���1��� �# ?� u�1�
 UY��� ��I .
%*�) 3� 7��� ��' H %� # �1H1
 u#�0� ���# .�D �# -�# ,-���
 *� $��! �# ?� |'���

#�S %�
� �# P515 $@�� ���1'� U)P5���
TateSeider −(�� / �
 P+'�2
]s�.[P=#�� 6'� ��
 7���1��� ���� ! U'��& R' N .'�9)� *� ���� u2) 7���1��� �'�?#�H ,�� ! 7�2��� .'�9)�

���# �
 .

)L(14.03
1

).()Pr(Re86.1)(
Wnf

nf
nfnfnf L
DtheoryNu

µ
µ

=

P=#�� 6'���nfµ:�7��� P�'*14+'0Wnfµ:����1'� %�
� �� 7���1��� P�'*14+'0nfRe 0nfPr 
��� / �
 �' ��  '* $4� P# PF ����# �
 7���1��� %� # $��� D 0 *�51�'� ��I R�� � P#:

)�(
nf

nf
nf

DU
µ

ρ ..
Re =

)�(
nf

nfnf
nf k

Cp µ.
Pr =



���� ���	
:������� � ������ ��� ������� ����  !6 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

��� $
�� 7���1��� %� # ������� ��1
 �4'9�) ]�1@ 0 ]1zO
 %�
 / �P�'*1�+'0 �P��+
 6���� 35�# u�1�
 %�
��� 1��� ,��\ 0 Z( ]�1@ PH1� �#  '* u#�0� *� ���� ! U'��& R' N

��1� �
.

)o(wsnf ρνρνρ ).1(. −+=

PFν:�1��� ,��\ ��?!  +Fsρ:0 1��� ,��\ P��+���wρ:���# �
 Z( P��+��� .

)q(( )νµµ 5.21. += wnf

P=#�� 6'� �� wµ:P��+����# P=#�� 0 ��1# Z( -)( equationEinsten *�  ��F U>YX ��s%
U�� ������� $#�d %0 F ,��\ %� # ��?!]so[.

)�(
nf

wwss
nf

CpCpCp
ρ

ρνρν ).).(1()..( −+=

P=#�� ��)�(wCp :
 %�
 / 0 Z( ]1zOsCp :U��1��� ,��\ ]1zO
 %�
 /.
�1�Y��& P=#�� *� 7���1��� ���� ! U'��& R' N 6���� %� # �# ?� %�& ���� Z��X ���

 �0 F]sq[�� / �
 �������  '* $4� P# :

)n(( )








 −++

−−+=

w

sw

w

s

swws
nf

k
kk

k
k

kkkkk
.2

.22

ν

ν

-�# P=#�� ��wk:0 Z( ���� ! U'��& R' N sk:���# �
 1��� ,��\ ���� ! U'��& R' N .
�
 H �#� �P515 P��# %�
� �7���1��� �H0 @ 0 %�0�0 %�
� % �/ �*���� �# .'�
*( �G ��

� ]�1@ ,�B��V
 0 %�1BI 7�����' H �4'9�) 0 �4'Q151g1��� UY��� ��I ��1� �
 7��� 
)( nfNu �'�?#�H ,�� ! 7�2��� R' N 0)( nfh6���� �Y�O
 %�& U>YX �� 7���1��� %� # ��

�1�� .



���� ���	
:������� � ������ ��� ������� ����  !  

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

�/$�	D3 M��� �[, *��E� 
 '��2
 �# 0 ��� % �/ �*���� P515 $@�� �� Z( ��' H ��) U)� �7��� ��' H ��� # �1>�
 P#

U�� ��'� / P+'�2
 3'�1l� u#�0� *� $��! .��I R+!  # Z( ��) U)� *� $��! |'���Re 
$4� ��)s(U�� ��� Pg���.

?J%o(D&���$� ,&� Y<�. �p>	 _3 ��/S �S��/$�	D3 M��� =�� �, 

}_�@�  aF��! 0 ����� c& �# �#1@ J#�=�  '��2
 q±%U�� ��&�
 $#�d  '��2
 6�#.P#
7���1��� �'�?#�H ,�� ! 7�2��� R' N k�V� 0 J�d� 6���� �� c�+�� �'���1� �1>�


P�) / ^�?�� $
�I 7��� ��1�I P#  =2
 Z( �# �'�& .'�
*(U�� .�# ��
( U��# �# ?� |'���
 P=#�� *� $��!  '��2
)TateSeider −(P5���
)L(U#�S %�
� %* 
 u'� � �# ^��( ��' H %� #

U�� ��'� / P+'�2
 ���1'�.
$4�)L(��I R+!  # UY��� ��I  '��2
 ���&� ���Pe $@�� �� Z( ^��( ��' H %� # 

515���# �
 ���1'� U#�S %�
� �# P.|'��� 6�# �#1@ J#�=� U�� [O
 $4� *� PF %�1=���&
 }_�@�  aF��! 0 ���� �1H0 P5���
 *� ��� PB��V
 3'�1l� |'��� 0 $��! �# ?��±%6�#

U�� �1H1
 |'���.$4� 6��f�&)�(��B��V
 0 �# ?� �'�?#�H ,�� ! 7�2��� R' N Z( �
��I R+!  # ��Pe�&� �
 ��� 



���� ���	
:������� � ������ ��� ������� ����  4! 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

?J%
(�p>	 _3 7��. ��JU ,&� Y< �. ����0 ,&� ;����X� 

?J%q(�p>	 _3 7��. ��JU ,&� Y< �. �$�:.�9 ;���< =�>�0� Y$�F ;����X� 

�� U�� 64�
 ��� % �/ �*����  '��2
 0 ���B��V
  '��2
 6�# }_�@� $'-� %�=@ P?���
���# 7��� ��' H ,�� 0 �
� % �/ �*���� .Ud� %���� ������� ��1
 %�& $D1F1
 �C°1.0



���� ���	
:������� � ������ ��� ������� ����  44 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

��1� �
 � B�5�F :1H Z( ^��! *� ������� �# ,���1
 � 3�F P# 0 ��1# .��� ��?'� %�=@
  aF��! �
� % �/ �*����  S� ���%���# �
 .� �Y��1# 7��� ��' H ,��  D ��
* % �/ �*���

�� / �
 6���� �9O
 ��� .% �/ �*���� 6'� %�=@  aF��!s%U��.

�.�:� b$��0 
%�	�>YX �# 7���1��� P�5�=
 6'� ��s/t%��/t%�t/�%��/�%�t/s%0�/s%,��\ ��?!

32OAl'�?#�H ,�� ! 7�2��� %0� 1��� ,��\ U>YX  �ST� ��� # �1>�
 P# �� d ������� ��1
 �
U�� P�) / .*�51�'� ��I ��� # ��0�V
st�t –qtt ���# �
 .$��! |'��� .O# 6'� ��

�1� �
 ���� ��� �& % �/ �*���� *� .

?J%r(=����0�0 � _3 7��. �$�:.�9 ;���< =�>�0� Y$�F ;����X�32OAl��JU ,&� Y< �. 

$4�)�(2��� R' N��I R+!  # �Y�O
 %�	�>YX �� �� 7���1��� �'�?#�H ,�� ! 7�Pe 
�&� �
 ��� ..'�9)� P#  ?�
 1��� ,��\ U>YX .'�9)� U�� [O
 $4� *� PF %�1=���&

��I 3' �� �'�?#�H ,�� ! 7�2��� R' NPe�� / �
 U#�S .��+4' %�	�>YX �� 6��f�&
��I .'�9)�PeU�� ��� �'�?#�H ,�� ! 7�2��� R' N .'�9)� eI�# . # UY��� ��I ,� ��A�
��I R+!Pe $4� �� 7���1��� �Y�O
 %�	�>YX �� )o(U�� ��� Pg���.



���� ���	
:������� � ������ ��� ������� ����  4" 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

?J%s(=����0�0 � _3 7��. ����0 ,&� ;����X�32OAl�. ��JU ,&� Y< 

?J%t(��,�E	 D� (&% �8���	 �$&>	 �. �.�:� ����0 ,&� �$�>	TateSeider −=����0�0 7��. 
32OAl��JU ,&� Y<�. 

Z( P# UB+� 7���1��� %� # UY��� ��I �� �	H1� $#�d .'�9)� U�� [O
 PF %�1=���&
� .'�9)� 6'� 0 ���� �1H0�1� �
 ��'�  ��# -�# %�	�>YX �



���� ���	
:������� � ������ ��� ������� ����  45 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

R' N .'�9)� *� ���� u2) 7���1��� �'�?#�H ,�� ! 7�2��� R' N .'�9)� P4���1� ��
 �� 7���1��� �4'9�) ]�1@ PF %*�) 3� ��' H ,-���
 ,�1� 6'� �� ���# ���� ! U'��&

� 7���1��� �'�?#�H ,�� ! 7�2��� R'� N ���1� �
 U�� P�)� ��4# P5���
��F ���# .�D �.
$4�)q(��I R+!  # �Y�O
 %�	�>YX �� �� 7���1��� �'�?#�H ,�� ! 7�2��� R' NPe 

P5���
 ���# .�D *� $��!  '��2
 �# |'��� 0 �&� �
 ���)L(PF %�1=���& �� / �
 P+'�2

*� ���� u2) �'�?#�H ,�� ! 7�2��� R' N .'�9)� U�� [O
 $4� *� R' N .'�9)� 

�Y�O
 ,�	H �� UI � %�& P�5�
 ��?'� $a
 % �'� $
�1I *� ���� 0 ��1B� ���� ! U'��&
� �/ �� d  >��
 �'�# Pi���# �
 9��.eV# U�+d �� ,�� ! 7�2��� R' N .'�9)� �Y�� $'-�

U�� ��� ���0( |'��� �# P=#�� �� .

?J%u(�.�:� �$�:.�9 ;���< =�>�0� Y$�F �80 =����0�032OAlD� ?��< m$��a� �$,�>	 �. 
��,�E	TateSeider −��JU ,&� Y< �. 

$4�)�(*� $��! |'��� P# �# ?� U5�! �� 7���1��� �'�?#�H ,�� ! 7�2��� R' N UB+�
�&� �
 ��� �� 3'�1l� ,-���
 .��I .'�9)� �# UB+� 6'�Pe ,��\ ��?!  +F 9�� 0

32OAl*� PF %�1G P# �#�' �
 .'�9)� �tL/���s�tn=Pe P#LL�/���o���=Pe %� #
 U>YX�/s%��� �
 ��?! .��I �� 6��f�&Pe �0�! o�tt=Pe� �# *� U>YX  ��As/t%

P#�/s%*� UB+� 6'�to�/�P#LL�/��1� �
 ���� .'�9)� .7�2��� R' N UB+� .'�9)�
���I� �� ���B��V
  '��2
 P# �# ?� ,�� !PeU��  ��F 6�'�D .�� 7�a
 ��1�I P#

s�tt=Pe *� U>YX  ��A� �# s/t%P#�/s%V
6�# �B+� ,� ��A� �0�tLs/����tL/�
U�� 



���� ���	
:������� � ������ ��� ������� ����  41 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

?J%v(=����0�0 �.�:� �$�:.�9 ;���< =�>�0� Y$�F �8032OAl;���< =�>�0� Y$�F �. 
��JU ,&� Y< �. _3 �$�:.�9 

$4�)n(�Y�O
 %�	�>YX �� 7���1��� �'�?#�H ,�� ! 7�2��� R' N .'�9)� ���&� ���
( P# UB+����# �
 Z.��I .'�9)� U�� [O
 $4� *� PF %�1=���&Pe .'�9)� P#  ?�
 

�1� �
 UB+� 6'� .U>YX �� PF %�1=#s/t%��I .'�9)� �#Pe *� s�q� P# o��� UB+� 
*� Z( ,�� ! 7�2��� R' N P# 7���1��� ,�� ! 7�2��� R' NtL�/�P#to�/��
��� .6'�

 U>YX �� .'�9)��/s%��I  ��A� �# 0 U��  ��# ��?!Pe *� s�tn P# o��� UB+� 
*� ,�� ! 7�2��� R'� N���/�P#�L�/��#�' �
 ��2��� .*� 7���1��� U>YX  ��A� 6��f�&

s/t%P#�/s%�� ��?!o�tt=PeUB+� ��A� P#  ?�
 *� ,�� ! 7�2��� R'� N to�/�P#
�L�/��� / �
 .

b$��0 �. �p.���, `�. 
P5���
 *� $��! |'��� 0 �# ?� |'��� 6�# P+'�2
)TateSeider( −]�1@ *� �( �� PF

 U'��& R' N 0 ]1zO
 %�
 / �P�'*14+'0 �P��+��� $
�� 7���1��� �4'9�) 0 �4'Q151g�
U�� ��� ������� ���� ! ���# .�D $#�d 7���1��� ��' H ,�� ! 7�2��� PF �&� �
 ��� 

��I .'�9)� �# $��! |'��� 6�# }� V�� 0 ���# ��� %*�) 3� ��' H u#�0� PY��1#Pe 0
�#�' �
 .'�9)� 1��� ,��\ ��?! +F.

H ,�� ! 7�2��� R'� N PF �'� / ��&�
 $��! �# ?� |'��� P# PH1� �# 7���1��� �'�?#�
 U>YX P# ���+# ,�� ! 7�2��� R'� N .'�9)� 6'� 0 ���# �
 [5�@ 7��� *�  ��# ���+#



���� ���	
:������� � ������ ��� ������� ����  4j 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

��I 0 1��� ,��\Pe���� .���I� �� PF %�1=#Pe�1� �
 ��&�
 % ��# .'�9)� -�# .��I

  '* $4� P# 7���1��� ��' H %� # UY�D�1� �
 PB��V:

)�t(
nf

nfnf

k
U..Cp ρ

=nfnfnf Pr.RePe =

P=#�� P# PH1� �#)�t(��I .'�9)� P#  ?�
 7���1��� ��' H ,�� .'�9)�Pe 7���1��� %� #
I 6'� #��# 0 �1� �
 ���I� �� ,�� ! 7�2��� R' N .'�9)� �Y�� $
�Pe ,�� .'�9)� �-�# 
���# �
 7��� ��' H.

��09)� PF�� / �
 [O
 P�) / ^�?�� %�& ��� # 0 ��
( U��# ��� # |'��� P# PH1� �#
R' N .'�9)�  # �0_I PF %�1=# �&� �
  ��A� �� 7��� ��' H ���@�� 1��� ,��\ U'��& 

�& ���1'� ���F �� {��1zO
 1��� ,��\ �/��F� D 0 �'�?#�H � c>�
�� ,�F ! �c�+�� ���� !
�&� �
 .'�9)� �� ���)�' P��1� 71G 0 ��� ���� ! %* 
 P'- .&�F P#  ?�
 .�# 6��f�&

 ,�� ! 7�2��� R' N .'�9)� P#  ?�
 -�# %�& ��' H ,�� �� c�+�� �'�
� $�)0 D  ��A�
?#�H�� / �
 �'�.,��\ ���B+h c& P# 7���!� 7���1��� 6�'�D %�& ��' H ,�� �� �50 

c��i �
 ��&�
 6�'�D UY�D ���I� �� �� % ��i ,�� ! 7�2��� .'�9)� P�'�1=# ���� �1H0 .
�Y�� $
�I PF �� 1��� ,��\ $#�2�
 .�F 0 �&��1@  # 1��� ,��\ ��?!  +F .'�9)� 6��f�&

 �� ,�� ! 7�2����&� �
 .'�9)� ���# �
 7���1��� c�+�� .�B+� ,�F ! 0 \1�� 6��f�&
 �
 7���1��� ��1� P# ���1'� *� ,�� ! 7�2��� "' � .'�9)� P#  ?�
 ���1'� ���F �� ,��\ 6'�

�� / .%*�) 3� ��' H ,-���
)P5���
TateSeider −(%����'�H 7���1��� ]�1@ �( �� PF
�5� P# U�� ��� ,��\ 6'� %�&��1@ # 0 ,�F ! 0 1��� ,��\ U>YX 0 ���#� �v1� P# PH1� ^�I $

���+�� J)1
 7���1��� ,�� ! 7�2��� R'� N ���# .�D �� ����� ,�� ! 7�2��� �� PF �2� 0.
��F �
 ���# ,�� ! 7�2��� 0 ��' H ���@�� �� �� 1��� ,��\ .2� PF %�'�H %�	5�
 6'� #��#

�� / Pg��� �'�# �
 7���1��� P��
* ��  ��# 3'�1l� 0 �# ?� ,��5�=
 ^9Y�+
 ��F 6'� Pi 
���#.

7��Z �:��0 
��1
 ^��( ��' H �� ���1'� U#�S %�
� �# %� P515 $@�� �� 7���1��� �'�?#�H ,�� ! 7�2���

U�� P�) / �� d ��� # .� �# �'�?#�H ,�� ! 7�2��� .'�9)�  ����# $��! �# ?� |'��� .'�9)
���# �
 P�5�=
 ��1
 ��0�V
 �� 1��� ,��\ U>YX 0 UY4D ��I .�# P+'�2
 �� .'�9)� ���2


 U�� P�)���4# 7���1��� ]�1@ �( �� PF %*�) 3� ,�� ! 7�2��� %� # �1H1
 u#�0� ���# .�D



���� ���	
:������� � ������ ��� ������� ����  42 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

���# �
  ��# ���+# .�'�?#�H ,�� ! 7�2��� .'�9)� Pi U�� 6'� ���&� ��� .'�9)� 6'�
�� ��1
 6'� �� % �'� $
�1I P4Y# ��1B� ���� ! U'��& R' N .'�9)� *� ���� u2) 7���1�

�� �/ �� d  >��
 �'�# PF ���+& ���/  �ST� .��1@ # 0 �'�?#�H 0 ,�F ! ��� �
  >� P#
 $�)0 D  ��A� P#  ?�
 0 ����  ��A� �� ��' H ���@�� -�# UY4D ���I� �� {��1zO
 1��� ,��\

�
 �'�
��1� ."' � .'�9)� P#  ?�
 ���1'� ���F �� 1��� ,��\ �/��F� D 0 \1�� 6��f�&
�1� �
 7��� ��1� P# ���1'� *� ,�� ! 7�2��� .����#� �v1�  �>� �Y
�1I ���� �� d  >� �
 %� #

 7�2��� �� 1��� ,��\ ��1@ # 0 �/��F� D � \1�� ��'�?#�H  �ST� 9�� 0 1��� ,��\ $4� 0 U>YX
,�� ! �
 7���1��� �'�?#�H ,�� ! 7�2��� 0 ��' H ���@�� P��
* ��  ��# ,��5�=
 P# *��� 
���#.

K.��	 
1. A.S. Ahuja, " Augmentation of heat transport in laminar flow of 

polystyrene suspension, I. Experimental and results " , J. Applied Physics, 
V. 46, No. 8,   P. 3408, 1975. 

2. A.E. Bergles and R.L. Web,   " Augmentation of convective heat and mass 
transfer " , ASME, NewYork, 1970. 

3. A.E. Bergles, " Recent development in convective heat transfer    
augmentation ", Applied Mechanics Reviews, V. 26, P. 675, 1973. 

4. K. Khanafer, K. Vafai and M. Lightstone, " Buoyancy-driven heat transfer 
enhancement in a two-dimensional enclosure utilizing nanofluids " , Int. J. 
Heat & Mass Transfer, V. 46, P. 3639, 2003. 

5. D.W. Zhou, " Heat transfer enhancement of copper nanofluid with 
acoustic cavitations " , Int. J. heat & Mass Transfer, Article in press, 2004. 

6. S.U.S. Choi, " Enhancing thermal conductivity of fluid with nanoparticles 
" , Developments and Applications of Non-Newtonian flows, D.A. Siginer 
and H.P. Wang eds., FED, V. 231/MD,V. 66, P. 99, 1995. 

7. S. Lee, S.U.S. Choi, S. Li and J.A. Eastman, " Measuring thermal 
conductivity of fluids containing oxide nanoparticles " , J. Heat Transfer, 
V.121, P. 280, 1999. 

8. S.U.S. Choi, Z.G. Zhang, W. Yu, F.E. Lockwood and E.A. Grulke, " 
Anomalous thermal conductivity enhancement in nanotube   suspensions " 
, Applied Physics Letter, V. 79, No. 14, P. 2252, 2001. 

9. S.K. Das, N. Putra, P. Theisen and W. Roetzel, " Temperature dependence 
of thermal conductivity enhancement for nanofluid " , J. Heat Transfer, V. 
125, P. 567, 2003. 

10. P. Kebliski, S.R. Phillpot, S.U.S. Choi and J.A. Eastman, " Mechanism of 
heat flow in suspension of nano-sized particle (nanofluids) " , Int. J. Heat 
& Mass Transfer, V. 45, P. 855, 2002. 

11. Q. Xue and W.M. Xu, " A model of thermal conductivity of nanofluids 
with interfacial shells " , Material Chemistry and Physics, Article in press, 
2004. 

12. J.A. Eastman, S.U.S. Choi, S. Li, W. Yu and L.J. Thompson,  "  
Anomalously increased effective thermal conductivities of ethylene 



���� ���	
:������� � ������ ��� ������� ����  4n 

#��$� ���% ��&�'	 ��	 (�)�� *��+,،#��-��. � #���� (�)/0�, ،"1��� "2#�.3 4561

glycol-based nanofluids containing copper nanoparticles " , Applied 
Physics letters, V. 78, No. 6, P.718, 2001. 

13. Q. Li and Y. Xuan, " Experimental investigation of transport properties of 
nanofluids " , Heat Transfer Science & Technology, Wang Buxan eds.,   
Higher Education Press, P. 757, 2000. 

14. Y. Xuan and Q. Li, " Heat transfer enhancement of nanofluids " ,                 
Int. J. Heat & Fluid Flow, V. 21, P. 58, 2000. 

15. Y. Xuan and W. Roetzel, " Conception for heat transfer correlation of 
nanofluid " , Int. J. Heat & Mass Transfer, V. 43, P. 3701, 2000. 

16. Y. Xuan and Q. Li, " Investigation on convective heat transfer and flow 
features of nanofluids " , J. heat transfer, V. 125, P. 151, 2003. 

17. D. Wen and Y. Ding, " Experimental investigation into convective heat 
transfer of nanofluid at the entrance rejoin under laminar flow conditions " 
, Int.  J.  Heat & Transfer, V.  47, P. 5181, 2004. 

18. S.J. Palm, G. Roy and C.T. Nguyen, " Heat transfer enhancement in radial 
flow cooling system using nanofluid " , ICHMT Inter. Symp. Advance 
Comp. Heat Transfer, Proceeding of CHT-04-121, Norway, 2004. 

19. G. Roy, C.T. Nguyen and P.R. Lajoie, " Numerical investigation of 
laminar flow and heat transfer in a radial flow cooling system with the use 
of nanofluids " , Superlattices and Microstructures, V. 35, P. 497, 2004.  

20. Y. Yang, Z.G. Zhang, E.A. Grulke, W.B. Andersen and G. Wu, " Heat 
transfer properties of nanoparticle-in-fluid dispersions (nanofluids) in 
laminar flow " , Int. J. Heat & Mass Transfer, Article in Press, 2004. 

21. N. Putra, W. Roetzel and S.K. Das, " Natural convection of nanofluids " ,  
Heat & Mass Transfer, V. 39, P. 775, 2003. 

22. S.K. Das, N. Putra and W. Roetzel, " Pool boiling of nano-fluids on 
horizontal narrow tubes " , Int. J. Multi Phase Flow, V. 29, P. 237, 2003. 

23. S.K. Das, N. Putra and W. Roetzel, " Pool boiling characteristics of          
nano-fluids " , Int. J. Heat & Mass Transfer, V. 46, P. 851, 2003. 

24. Y. Ding and D. Wen, " Particle migration in a flow of nanoparticle 
suspensions " , Powder Technology, V. 149, P. 84, 2005. 

25. E.N. Seider and G.E. Tater, " Heat transfer and pressure drop of liquid in 
tubes " , Ind. Eng. Chem., V. 28, No.12, P. 1429, 1936. 

26. D.A. Drew and S.L. Passman, " Theory of multi component fluids " , 
Springer, Berlin, 1999. 

27. R.L. Hamilton and O.K. Crosser, " Thermal conductivity of heterogeneous 
two component systems " , I & Ec Fundamentals, V.1, P.182, 1962. 


