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Abstract 

Laminar two dimensional forced convective heat transfer of Al2O3-water nanofluids in a horizontal microchannel has 
been studied numerically, considering axial conduction effects in both solid and liquid regions. Thermal conductivity and 
dynamic viscosity of the nanofluid are considered variable with temperature and diameter of nanoparticles. The transport 
equations are solved numerically using the finite-volume approach and a collocated grid arrangement is utilized. The results 
show that using nanoparticles with higher thermal conductivities will intensify enhancement of heat transfer characteristics of 
micrchannels but on the other hand will slightly increase shear stress on the walls. The obtained results show more steep 
changes in Nusselt number for lower diameters and also higher values of Nusselt number by decreasing diameter of 
nanoparticles. Also, considering the effect of volume fraction on axial conduction using �Conduction number� showed that 

using nanofluid will strengthen this effect. 
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�¿ÁY�]�d���Ê�d�ZÆ¿M��� ÁN��Ä�]Y�� Z]� Ä¯

)()( 4321 ccdccN p  �Ê»� ½ZÌ]� {Â��Á� ��«� Z]
¼nu���¯Ê�»��Â]�»�cY�}Â¿Z¿Ê�,{Â��ËY�]��f»Y�Za�®É�^�eÌ�ª
Zf¿� Z]�Ä�]Y�Ë]�ne�lÊ�{Z¬»�Ä¯�d�YËa��Ì{ZÆÀ�É��|Àe�Z^��¦·R»

�Y��e-���
��c1=,��e-���
��c2=,��e-�c3=�Á���e-��
��c4=��

��Zf¿Ël��
Y�]É����]Ê�Y�]�,Ã|��Äf�Â¿�|¯�dv�É��½Á|]�d·ZuuZ¿Ì�Ä

e�Y�u�d]Zi��Z��¾f§�³���¿��{�Z]�Á�|»ZmÊ�Za�Á�ÓZ]��YÌËuZ¿�¾Ì�Ä
�ÌZf¿�,µZË]���Âe�Ã|��ÄWY�Y�Ä�]Y��Z]�Ã|»M�d�|]�lÌÂ°�Y�Á�½ZË�Z^
���� �Z¬»Ëd�Y� Ã|�� Ä�� �� ¶°����ÂeËÁ�� Y�� d¸�Z¿� {|�� �É�
{ËZa� Ã�YÂÌËuZ¿� ¾Ì�� ÄÌY�]� ,µZÉ��Ì·ZÊ�Z]��
��Pr=��½Z�¿
»Ê�|Å{���µÂ��,µZ¿Z¯�{Z ]Ym���
����Z¨e�Y�Áìm�� H =��d�Y

�� ÁÌ� d���� Z]� µZË� dyYÂÀ°�����Re� �»� µZ¿Z¯� {�YÁÊ�{Â���
� Ã|ÅZ�»� ¶°�� �{� Ä¯� �Â�¿Z¼ÅÊ»{Â�Y�M� �{� ¶u� ÄÀ»Y{� ,Ë��

Ä°^���ZÅÉ���×����,��×�����,��×������Á��×������¶u
Zf¿� Á� Ã|�Ë]� Ä¸�Zu�lÌY� �´¿ZË[YÂm�d«{� Ä¯�d�Y�¾���»� Z]� ZÅ

��×�����»�[Â¸�»�|u��{Ê�|�Z]���
�¶°����|»Zm�ÄÌuZ¿� Á�ÊËÓZ]�µZÌ��ÄÌuZ¿� �{� Y�� Z»{�ÉZÅ�Âf¿Z¯

Ê»�½Z�¿� �Ë��|Å{� ��[M�µZÌ�Â¿Z¿�ÉY�]� Ã|�� Ã{Y{� ½Z�¿� lËZf¿±�
� Ê¼nu� ��¯� Z]� ºÌÀÌ»Â·M|Ì�¯Y���
��µZÌ�� �|·ÂÀË�� ,
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Re  ��Ã�YÂË{� d]Zi� Êe�Y�u� �Z�� ,

W/m2��������qw=�����µZÌ�� Ä]� |»Zm� ÄÌuZ¿� �Z¨e�Y� d^�¿� Á
��b =�d�Y���Á�Ê¬§Y��Âv»�Á{��ZÌ¬»�ZÅ�Âf¿Z¯��fÆ]��ËZ¼¿�ÉY�]

Ã|�¿�Äf§�³���¿��{�½Z�°Ë�É{Â¼��|¿Y����
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�����]� {�Â»Ê�d�Y� Äf§�³� �Y�«� �Y��Ë,Ã|�� Äf§�³� ��¿� �{� �� �
����� Ref  =¨e�Y�d^�¿�ÁuZ¿��ZÌ��Ä]�|»Zm�ÄÌ�µZ��b=�d�Y��
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»�Ã|ÅZ�»�¶°���{�Ä¯��Â�¿Z¼ÅÊ�À¯ÌY�§Y�,|Ë�Â¿Z¿�d�¸£��Ì�µZ
Y�§Y� h�Z]Ë� {|�� �{� c�ÁZn»� �{� d¸�Z¿ËM�§� {Â^Æ]� Á� Ã�YÂË�|À

»� c�Y�u� µZ¬f¿YÊ�{Â����z]Ê���ËY�§Y� ¶Ì·{� Ä]� ,�ÌiPe� ¾ËY� �Y
Ä]��´Ë{�Ê�z]�Á�Êe�Y�u�dËY|Å�\Ë�����¶Ì§Á�a��{�cY�ÌÌ¤e�¶Ì·{

d�Z»{��»ÌY�½Y�Ë�{Â^Æ]�¾Y�]É�¼nu���¯Ê�����{Á|u����|��{
»Ê��Ä¯�|�Z]Y�]É�{�]�Z¯�µ|^»��{�ZÅÉ�e�Y�uÊ��ÊÆmÂe�¶]Z«��Y|¬»
»Ê�|�Z]����
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�¶°����¤eÌÌ��{�d¸�Z¿�{|��cY�{ËZa�Ã�YÂÌËÀÊ�uZ¿Ì��ÄÌ�µZ��{

¼nu���¯Ê�ZÅÉ��Â¿Z¿�¦¸fz»Ì[M�µZ���¯YÌ�|M»Â·ÌÀÌº��

�¶°����ÂeËY�]�Y��Z»{��É�·Z¿Z¯Ê�Y���Z]Ë�Âe��Ì|��Ã{Y{�t��{�Ã
�Á�¶^«�¶°�W/m2��������qw=�»�½Z�¿Ê�|Å{��Y�§YË���¯��

¼nuÊ��Â¿Z¿Ì�h�Z]�,µZY�§YË����Ëf¿��{�Á�c�Y�u�µZ¬f¿Y�\Ì�Än
Z»{��ÅZ¯É�mÁ�yÊ��Â¿Z¿Ì»�µZÊ�{Â���]Y�]ZÀË�Â¿Z¿�¾ÌZ¿YÂe�µZÊË�
Z»�³��§{É�]Ì�f�É�d�Y{�|ÅYÂy�Y����

ËYÂ§�{ÂmÁ�Z]|Ë{��Y�µZÌ�Â¿Z¿��Y�Ã{Z¨f�Y�Z]�Ä¯�Ê¿YÁY�§�|�µZ¬f¿Y�ÃZ³
Ê»�d�{�ZÆ¿M�Ä]�c�Y�u���Àe��ËY�§Y�h�Z]�cY�}Â¿Z¿��Â�u�,ºÌ]ZË

Ã�YÂË{��{�Ê��]���{�µZÌ��`¼a�ÉY�]�¹�Ó�½YÂe�½Y�Ì»��ËY�§Y�Á�ZÅ
|��|ÅYÂy�µZ¿Z¯���¶°���{��{�Ê��]��Àe��Ë�ÂeÂËY��Y��ÊÀÌËZa�Ã

Ä]�¼nu� ��¯�¦¸fz»� �Ë{Z¬»�ÉY�YÊ»�½Z�¿�Ê�|Å{� ��Ä¯� �Â�¿Z¼Å
Ê»� Ä�uÔ»��É{Á�Á� ÄÌuZ¿� �{� Ê��]��Àe��ËY�§Y� ½Y�Ì»� ,{Â�

�¾ËY� �Y|¬»� ,{ÂmÁ�¾ËY� Z]�Ê·Á�d�Y� Äf§ZË� Ä �Âe� ÄÌuZ¿� �Y� �f�Ì]

Ê»� ��¿� Ä]� �ÌqZ¿��ËY�§Y�|��� ��É{Á�Á�d����®Ë� �{� ,�«YÁ� �{
�ÄnÌf¿��{�Á�Ê°Ì»ZÀË{�dm�·��ËY�§Y�h�Z]�cY�}Â¿Z¿��Â�u�,d]Zi

��ËY�§Y¼¯Ê���{Ê»�Ã�YÂË{�Ã�ZÀ¯��{�Ê��]��Àe�{Â����
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T
(K

)

0 0.02 0.04 0.06
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Deionized water
= 0.01
= 0.02
= 0.03





(m)��
�¶°�����¤eÌÌZ»{�cY�É�{ËZa�Ã�YÂÌËÀÊ��Â¿Z¿Ì���¯��{�µZ
¼nuÊ�ZÅÉ��Â¿Z¿�¦¸fz»Ì[M�µZ����¯YÌ�|M»Â·ÌÀÌº��

��
�¶°������ÂeË��]��Àe��Ê�{��{ËZa�Ã�YÂÌËuZ¿�¾Ì��ÄÌ��{�µZ

¼nu���¯Ê�ZÅÉ��Â¿Z¿�¦¸fz»Ì[M�µZ���¯YÌ�|M»Â·ÌÀÌº��

¤e��iYÌÌ�d]Zi�d����cY�{Á�ÁÉ�Ë��{|��ZË�Âe��{��|·ÂÀË�d¸�Z¿��
{ËZa�Ã�YÂÌËÀÊ�Y�]É��Â¿Z¿Ì·ZÊ�¼nu���¯�Z]Ê����
����Z��Á

�ÊËZ»�³W/m2�������qw=�� Á�b=��¶°�� �{���Ã{Y{�½Z�¿
d�Y�Ã|���Y�§Y�Z]Ë{Á�Á�d�����É�Ë��{|��ZËuZ¿�µÂ��,�|·ÂÀÌ�Ä

{Á�ÁÉ�Y�§YË��Ë�Y��f¼¯��Y|¬»��Y�Á�Äf§Z�m��
�����{Ë��|·ÂÀ����
]��Y|¬»�Ä]Ì��Y��f�m��
��Y�]É��Ë��|·ÂÀ�����»Ê�|����YË�Ä]�¾

À »Ê�d�����{��f³��]���Âf»�d¸�Z¿�{|��ZÅÉ�d�Y��eÓZ]����
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(m)��
�¶°������ÂeË��d¸�Z¿�{|��{��{ËZa�Ã�YÂÌËuZ¿�¾Ì��ÄÌ��{�µZ

¼nu���¯Ê������
���Â¿Z¿Ì[M�µZ����¯YÌ�|M»Â·ÌÀÌº��Ä]
�YYÉ�{Z¬»Ë��{|��¦¸fz»��Ë�|·ÂÀ��

� ¶°����ÂeËZ»{� �É�{ËY�Y� Ä]� Y�� Ã�YÂÉ�{Z¬»Ë�{|�� ¦¸fz»� �
�Ë�� �|·ÂÀÌ�µZ»�½Z�¿��·ZyÊ�|Å{� ���{� ,|�� Ã�Z�Y� Ä¯� �Â�¿Z¼Å

��{Y|�YËZa��|·ÂÀÌË� ,¾¾ÌËZa�d����¶Ì·|]��d��§�µZÌ�� ,µZÌ���e
�¾ËY�]ZÀ]�,{�Y{�Ã�YÂË{��Y�Z»�³�[~m�ÉY�]�É�f�Ì]¤e�c|�ÌÌ�cY�

]�Z»{ÌY�Á�Ã{Â]��f�ËY�§Y�Ä]��nÀ»�¾Ë����ËY|Å�\Ëe�Y�u�dÊ��Á
ZÆf¿Y��{�d¸�Z¿�{|�É�»�µZ¿Z¯Ê�{Â����

x

T
(k

)

0 0.02 0.04 0.06
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320
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Re=100
Re=200
Re=400
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(m)��
�¶°����Ê¼nu���¯��{�µZÌ��ÄÌuZ¿�¾ÌËZa�Ã�YÂË{�ÉZ»{��Ë�Âe���
���
��[M�µZÌ�Â¿Z¿���|Ì�¯YM��Ë{Z¬»�ÉY�Y�Ä]�ºÌÀÌ»Â·

�|·ÂÀË��{|��¦¸fz»��

� �
� �

���cY�}Â¿Z¿���«��iY� �
� Z]Y� Ä]� ÄmÂeËµ|»� Ä°À�ZÅÉ���ËY|Å�\Ëe�Y�u�dÊ��dm�·� Á

{Ë»ZÀÌ°Ê�Y�]� Ä¯É��Â¿Z¿ÌÃ|�� [Zzf¿Y� µZ�Z¿YÂe� ,|¿YÊË����¿�{
Y��{�,|¿�Y{�Y��Ã�}Â¿Z¿���«��iY�¾f§�³Ë���]�Ä]��z]�¾Ê�iPeÌY��Ë�¾

»��f»Y�ZaÊ��Y{�aËº� ��¶°���ÀvÀ»Ê�¤eÌÌ{�d¸�Z¿� {|��cY�Ë�Ã�YÂ
ZaÌË�Â¿Z¿�¾Ì»�½Z�¿�Z»{�Z]�Y��µZÊ�{|Å��YËZf¿�¾Ë¼nu���¯��{�lÊ�
��
���,Ë���|·ÂÀÌ�µZ���Ref =µZ¿Z¯�µÂ��,�m�
�L=��Á

�Z¨e�Y�d^�¿����b=�Ã|»M�d�|]�|¿Y���
� Ä�uÔ»� Ä¯� �Â�¿Z¼ÅÊ»{Â��d¸�Z¿� ,cY�}Â¿Z¿� ��«��ÅZ¯� Z]� ,

Y�§YË»��Ê�Ë|]Z�Á��c|�»ÌY�§Y�½Y�Ë��ZÅ��«��{� ,d¸�Z¿�{|�É�
ZaÌË]�¾Ìd�Y� �f�� ��{�c�Z^�� Ä]Ë�´·Zu� �{� ,Ì���«��ÅZ¯� Z]� Ä°

��Y�cY�}Â¿Z¿nm����Ä]nm��^�¿�Ã�Y|¿Y�Ä]�d¸�Z¿�{|��,Ê���f¼¯
��Y���Y�§YË»��Ê�ËY�,|]ZË��Y���«��ÅZ¯�d·Zu��{�,�Y|¬»�¾nm���
�Ä]nm��^�¿��Y|¬»�Ä]Ê�{Á|u��
��»�|��{Ê��Ä¯�|����Y|¬»�¶]Z«

ÆmÂeÊ�d�Y���

Gz

N
u

10-3 10-2 10-15

10

15

20

25

30

dp=6nm
dp=18nm
dp=36nm
dp=47nm

-1��
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�ÌµZ��

������]Ê�Y|Å��iYËuZ¿��{�dÌ|»Zm�Ä��
qÌ�Â�����Y�]É����]Ê�Y|Å��iYË�Âv»�dÉ�{Ë�µZ¬f¿Y��]�|»Zm�Ã�YÂ

��c�Y�uÌ�,µZ����{|�Ë�\�¿Z������c�Â�]�Y�Ë� e��Ë{�¯�¦���
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aÌe�Â�� �{� ZÆÀe� Ä¯� {�¯� {ZÆÀ�Ê�»Ê�Y|Å� �iY� �Y�½YÂeËe�Y�u�dÊ�
�Âv»É�uZ¿��{Ì�Ä¯�{�¯���À§���|»Zm�ÄYË��Y��f¼¯�{|��¾���
��
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�¶°������¿Y�v]��Z¨e�Y�d^�¿Ê��Â¿Z¿Ì[M�µZ���¯YÌ»Â·M�|ÌÀÌ�º

��{Y|�Y��{Ë¦¸fz»��|·ÂÀ��

Y��Y�Ã{Z¨f�Y�Z]Ë »�¾Ì»��ZÊ�Y�Y�Ä]�½YÂeÉ�Ë��{|��®Ë »��|·ÂÀÌ�,¾
�¿� ¶«Y|u� �Y|¬»�Z¨e�Y� d^Ê��¿Y�v]� �Z¨e�Y� d^�¿Ê� ���iY� Ä¯

Y|ÅË�Âv»�dÉ�uZ¿��{ÌZ]�|»Zm�ÄË e�Y��,{Â��Äf§�³���¿��{�|ÌÌ�¾
{�¯� ��¶°���� �{Z¬»Ë¿Y�v]� �Ê�Y�Y� Ä]� Y�� �Z¨e�Y�d^�¿É�{Z¬»Ë��

��{|��¦¸fz»Ë¼nu��¯�Á��|·ÂÀÊ�ZÅÉ�]Ì�¾���Ze����½Z�¿�|��{
»Ê�|Å{� �� µZj»� ½YÂÀ ]YË� {|�� ¾Y�]É��� {|�Ë� � �|·ÂÀ������Y

�Y|¬»É��{Á|u��{��b=���{���{Á|u��Y|¬»� Ze��b=���{
��
��»� �ÅZ¯Ê�Ë|]Z� �YËÀ »� ½Y|]� ¾Ê���Â�u� Ä¯� d�Y

|�e�h�Z]� ,cY�}Â¿Z¿ËuZ¿� �iY�|Ì��Z¨e�Y�d^�¿� �{� Á� Ã|��|»Zm�Ä
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