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Abstract 
The intermolecular potential model of the lattice Boltzmann method is used to simulate the droplet formation and breakup process of 
mixing of immiscible fluids. The aim of this research is to investigate non-Newtonian droplet formation in Newtonian continuous 
phase in a co-flowing micro-channel. The dimensionless numbers such as Capillary and velocity ratio are the most important 
dimensionless numbers in determination of fluid flow characteristics in the micro-channel. The influences of capillary number, non-
Newtonian index and velocity ratio are studied on the droplet formation. The final droplet size, droplet generation frequency and 
detachment point of the droplet are completely analyzed. The results reveal that with increasing the non-Newtonian index, the 
required time for detachment of the droplet and the formation length is decreased. Increasing the Capillary number leads to a 
reduction in the detachment length. The size of droplet is also decreased due to the reducing velocity ratio and Capillary number. 
Moreover, the effect of non-Newtonian index on the distance between the droplets is checked.  
Keywords: micro-channel, lattice Boltzmann method, non-Newtonian fluid, droplet. 
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� = EKEf��e
��τ�� L� Eρ�τ��M  



       

 

 8
�

H
�

	>
�,

 �
 �

��4
��

 8
�

Y�
_H

� 
�;

	^
�

 
��

�6�
_H

�
�

��T
 

317 

 �D:�� ��)8(� F
�� = F
�O,� + F
�PQR,� + F
�STQU,�    ;�G,�	�� <G�

 �K��� B��3 	: ����σ�� k�  �G� �-�:F
�O,�     ��G�� �G: ?�G:	� ;�	G�� =��

 B��3 �� �@M��� F
�PQR,�    � �G��> NG�> � B��3 8�: ;�	��F
�STQU,� 

�� �_ZY ;�,�	��.��-�: 	���7� F
�O,�     �G���.� 2G_� �G:)10(   
G3�:

�� ���.  

)10(  F
�O,� = −GOρ�(x
�, t)Ew�ρ�W(x
� + e
��∆t, t)e
���  

 5� �� ��Ψ� ���0h �:	:�	: �� c�A
��  � ��G-	G��Y  5�G1�  ��G�,�

�� B��3 �� =��_,	: V��E .�G-�: F
�PQR,�    B��G3 8�G: ;�	G��-  �G��>

�� 
3�  �D:�� m3��)11( �� 
3�:���.  

)11(  F
�PQR,� = −GPQRρ(x
�, t)Ew�s(x
� + e
��∆t)e
���  

�D:�� �� )11	
����� ���7� ( 	s(x
� + e
��∆t) ���0�,  vDG3 ;�� ��

      	KG/ �G: 	G:�	: �G-�: B��G3 �� �� ���0�, � �2� �: 	:�	: ����� ��	E ���>

	
����� .��: �,��M Gads� �� B��3 � ���> 8�: =��_,	: V��E.�-�: 

 

2 -2- ��*+*�� )�, 5��� 5��  

�� B��3 �� C�	S �����
>9�  �)	: w	� ��   �G����Y �� 
G3� 
:�T

�D:�� �������	�L Va��3��    =�	G� w	G� � �G-	: =�� 8�: �DM	�L ;�

�@� ��W �: .���� ��>� �-	:   ���G����	�L Va��3     x�9G: ��	GO �G3 �G:

 6� <7
�� Va��3  5�G�6 ]:�G� Va��3 �5��6  �  Va��G3  2�
G3a������

�� N��7����- ]35-32[ .  G��7� 8G�� ��     ;�	G: �G� ���G3����� B�G� 6� �

���-�� ��� �: 5��6 6� <7
�� Va��3 ;6�3   
G3� ��G- ���K
G3� ����. 


3� 	�6 V��/ �: Va��3 8�� ;��
M�3 ����.� ]36[:  

)12(  μ − μ]μ: − μ] = (1 + (λγ̀)P)abcd 			 
5� �� �� μ:  �μ]  C��	� �:
>9� ;�,   �G-	: w	G� �� ��������

  �GG� 
GG��4��: � 	KGG/� ��GG-�: γ̀  )	GG: w	GG�  �λ   �GGyA1� 5�GG�6

.
3� B��3 2�
3a������     �G��	H: )	G: w	G� ��1 λ⁄�  
G>9�   B��G3

 �G� =,�� �: \�	- .�G��   	
����G�n     5�G�: �� ���G����	�L ��G
 � �G>�� �

�� ���0�, � ��� ��1= n�� ��-�:  �G: ������� B��3 ]E�� �� 
G>9� μ: 

��.�-�: γ̀ �� �@H� )	: w	� �6���� �: �� �-�: 	�*G���	��{�   ��G���� k��

 =�	� w	�Sf́gh 
3� m��	� 	�6 V��/ �: ]38[:  

)13(  γ̀ = 2iSf́gh Sf́gh 																											 
)14(  Sf́gh = jkĺjmnh + jknhjmĺ  
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�� �
:�T ���7� ��-�:���       5�G���	O �G���� <G��� �G: ���G����	�L B��3 ��

��� �D7� 	, �� 
P	3 �
3� ���- ?�7� 	��3 6� V��K
� B�  �� 9G�� 
>9�

  �� .
G3� ���Z� �D7� 6� V��K
� �D7� 	,�     	G, �� ;��GP <GY N
���G0�

��	�� ��
:� 
P	3 5����	O �D7� 	, �� ��- ��3�H�U|3 �   =G���� 5��6

 ���>�� 
3�:��� 6 8�� 6� �   �G.: ���G�6 k�GO �� ���> =���� 5��  ��)

(�D7� 	, �� ���K
3���-.  

  

3 - �6 ���� L�! ��	 �&0& �K�*+ 

3 -1 – '�()� �(M 89�:%&N*�O� 80���2� 
��a ;6� �� 5��	>?�@A� ;����1�  ;6��G� �HK/�� 8�: ��   F:�GD�

<�-1 �� 	^� �� .N�	�O   �HKG/ �� 8�G: 5��	> 8�� �@�@H� <Y �: ��
:�

 ;6���   ;6	G� m��	G- �G: U|3 � �
M��	�  CG3���     �G� ;6�G3	�
.� �G:

�� N�6��	�.   B��G3 �: �� 
3� ;��1  5����	O B���� 8�� �� 
�	Y <��P

�� B�_P� �B�� B��3 �: ;��1  5����	O 5�	� ���� �: V��/ 8�� �� .��-

    B��G3 
G�	Y �DG3�� �: N, k�� B��3 �Z�
� �� ���- 5� 
�	Y }P�:

�� ���1� B�� ;�	�� 5��9 � �: 8�9
��: )�� �� .U�.@: �� � ��-G  �:

�� B��3 
�	Y ;�
3�� �� �� ���,�	���� ���-�:  �� ��G1  5����	O 5���

����3�H� ��Y�� ��
:� �� .��_� B�_P� ���- ���.� �: 10o100  B�G_P� �: �

    ;6	G� ?	G- B�G_P� � �>�	M � ;���� ;�,6	� �: �:���� ;6	� m��	-


:�T ������1������ �: .�- �
 	O 	^� �� �8���� �a�: ;�,  <�G- F:�GD� 1 

U�M B��3 ��G���2  �G�Y����  0<|y|<|a| B��G3 �  U�GM ���G-�3  ��

 ��Y��a|<|y|<|b||	���� ��	E .
>9�  ��������  ���G0h 
��� �  ;�	G:

U�M B��3 �� 	,  U�GM � ��G��� ����G-   CG��	� �G: νtu = υu = cRw(τ − 0.5)  �M = ρtu ρu⁄ �� �-�:    mG:��� 8G�� �� �G�υu  � ρu    U�GM B��G3 ���G0h � 
>9� C��	� �:  � ��G���νtu  �ρtu   �G:

U�M B��3 ���0h � 
>9� C��	��� ����-.�-�:  �	G�� �
�	Y <��P; 

ZY�_ 8-10×5/1G= .
3�   
G3� �: 	�6 F:�D� ����� 8�� �@�@H� <Y

�����:  

 

  
 1
	1- N*�O� 89�:%& '�()�890*� �� ! %& ;�� ���2�  

 
<�-2  ����G_�    ;�	G: �� 
P	G31M= �    
 	GO 	G^� �� �G: 875=b �

25=a  �GGGGGG�	.� g5/0Su = 1 − PS = � 1ρy = ρw =  ��5/0=x 

�� 5�1�.���� �@�@H� <Y �: �:�M 
7:�D� �� �,�  

  

 

                                                           
1 Bounce-back 
2 wetting 
3 non wetting 

 

)15(  

.//
0
//1

U� = −A� ∗ yw + D�																										0 ~ y ~ a�� = −�� ∗ �w + �� ∗ � + ��									� ~ � ~ ��� = ��2 ∗ �� , �� = ��2 ∗ �� 	 ,�� = 2(�� −���)�,�� = ���w − ���	,	�� = (�� − ��)�w + ��� + ��
				
�//
�
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)(g��  

  
  

(c)  

1
	2- �0&*��  80)� LP)�1M= % 8-10×5/1G= % 5/0�# = % H& = H* = &  
(UG0 G ��  5���1 �� &�0%&*	    (V G  5��� ��2 �� &�0%&*	  

  

3 -2- �(M 89�: �� '�()�N*�O� 80���2�  

��: 8�� ��� �
 	O 	^� �� �� B���� 5�_, B�Y � �G3   5�G�	> 5� �� 6�G 

��� .��3 �Z��� ��6�  �� ���0h �:�� 	^� �� 	:�	: ;�, <Y .N�	�O  �G@�@H�

 ����� 8��) �D:�� F:�D�16�� (�-�: 5� �� �� Gi 5����	O ;��G1  ;�, 

�� ���� g@
A� ;�,6�  �: �� 
3�.��-  

 
 
 
 
 
 
 

 

 
)16(  

./
//
//
//
//
//
0
//
//
//
//
//
/1 uy = Gy yw2μy + cyμy y + cw

uw = Gw yw2μw + c�μw y + c�
u� = G� yw2μ� + c�μ� y + c�

Ay = − Gy(2μy)	 , 			Aw = − Gw(2μw)	,			A� = − G�(2μ�)
cy = 0.0		,					c� = a(Gy − Gw)					c� = −A�cw − c� � cμ��

c� = (A� − Aw)bw + b�c�μ�� − �c�μw� + c�,
cw = (Aw − Ay)aw + a �c�μw� + c�	

, c� = b(Gw − G�) + c� �/
//
//
//
//
//
�
//
//
//
//
//
/�

 

  

 �a�: �:�1�<�-3  ����G_�     CG�Y 	G: 
P	G3y �� �� 5/0=x   5�G1�

��.�,�  

  
  

(g��)  

  

 
 
(c)  

1
	3- �0&*��  80)� LP)�1M= %4-10×1G=  

(UG0 G 5��� ��2 �� &�0%&*	     (V G  5��� ��1 �� &�0%&*	  

  

3 -3- '*�9W XY�M  

5��	> ��B�� ;6� ��h ;�,  �� 8�G: t	
1� vD3 2������ ;6�3

.
3� N4� ����: B��3  5�G�6�  �lG�a  � 5�G�6�     �G@_> 6� ��G_� �G���6

5��6��,      ���G- �G3�	: �G: �G� ��
G�, �G �	.� ;    \�GS�� 8G�� ;6�G3

��  .��6��	�5��6� N4� �@_> 6� �l�a 8�	�5��6�  
HG/ �� �G,  �Z�G3

 
HG/ �� 
3� ;6� ��h ;�,��   ���G- �� �G� �Z�G3   2G������ ;6�G3

      �lG�a 5���GE FG�W	: .�	G�O ��	GE �3�	: ���� B��3�� t	
1� vD3

  	GDE ���GM � <M�� ��1  Il
M� 8�: �D:�� � (Pin-Pout)  �GD:�� FG�W 

Pin-Pout=σ/Rd �� ��3�H� ��G-  �G� �5� �� σ     8�G: �HDG3 =G1�

� 6� �� Rd �� �	DE \�.-.�-�:    

 ��G- B�� �� <�G���
� ]20[�   �HDG3 =G1�   C�	GS mG3�� 12G 

�D:��)10( 5�1� ��  _,	G: V��GE ���,�   �
G3� 6�G �� 8�G: =��   8�G�.�

�� ��-. 
H/ ;�	:�6���� � )�� �Z�3  9G�	� �� ��HD3 =1� ;	�O

����3�H� ��Y�� 2�100o100  ��:���� ;�,6	� �:\�.- �: ���	DE  ;�G,

�GG� �GG
 	O 	GG^� �� gGG@
A�  V��GG/ �GG: 	���GG7� 5�GG�6� 8GG�� �� .��GG-

15/0=2υ=1υ �1=2ρ=1ρ �0=22=G 11G �2/0=12=G21G  c�GGGGGGGGA
��

�� U���� �� ���-1     U��G�� � �
G3��� 6�G  �G: ?�:	�2     6�G  �G: ?�G:	�

�� ����-��> .�-�:<�-4 �� 5�1� ����_� �� �,�∆p   (��G1  Il
M�)

 C�Y 	:Rd/1  5�G1� mM 8�� C�- � 
3� 
3�� mM V��/ �:  ��G�,�

 

;��P <Y 

�@�@H� <Y 

 

;��P <Y 

�@�@H� <Y 

 

;��P <Y 
�@�@H� <Y 

 

Y 8�9
��: ���- �Y�� 

Y 8�9
��: ���- �Y�� 

Y 8�9
��: ���- �Y�� 
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�� �HD3 =1� 	��{� �: .�-�:12G   ���G7� �GZ�
� �� � mM 8�� C�- �

�� 	��{� �HD3 =1�    =��9G � �G: .�G��12G     =,�G� �HDG3 =G1�

��  �G� =,�� ����@� 8�: �:o�> ;�	�� ]E�� �� ��:��     �G: �G>�� �G: .�G:��

<�-4  �HD3 =1�0918/0  ����� ;�	:�� �
 	O 	^� �� ���.��-  
  

 
 1
	4- �9W'* ��-� /26 �J���� L�� XY�M %& ;��9�:  

  

  

3 -4 - '*�9W X��+ �(%09  

���0�,BlH�� �	DE 2� ��	�*���1 2� �: ��_� �� vD3  ��	GE ���>

��	� B��3 5��� ��0�� ��	�O����-2 ����-	� B��3 �3  mM ���> vD3 �

�� ��Z�� �3�_���- )<�-5	� .(      �B��G3 �G: 
�G�� vDG3 2� �O���-

 ��_� ����6 �: �0
�:θ    NG� �G���6 ;�	G: .����   6� 	G�90    B��G3 ��G>��

 ����� vD3 5�	� U�M �: <��_�8��	:��: �� ����-	� vD3  ;�	: � �-�:

x�9: ����6  6� 	�90      �� ��	G1  B��G3 <�G- �G: B��G3 ��>��  �G�    ��G��

� ;�	: .
3� ����1�	� vD3 8��	:��:     �G: �	GDE ��G
:� ���G_� ����6 ��3�H

	DE60 ��.:� �: ����3�H� 5���� �� �� �Y�� 120×60    	G: ��G_� V��y:

�� ���� ��	E ������ ��������- <�-)6( 8
 	GO 	^� �� �: . Gads1 = 0 

 �  ;�	G: ���.� ���7�Gads2       �G��> vDG3 8�G: =��_,	G: V��GE �G� �

�� B	
�� �� B��3���� �D:��)11( 6� �.: � �40000     5��G�� �G� �G@Y	�

  �G,��M ��G3�H� ��_� ����6 ���7� ������ ���� 
��Y �:     ��G^�� �G: .�G-

  B��G3 =��_,	G: C�	S 8�: �D:�� 8��.�_     2G� ���G_� �G���6 � �G��>

 �	DE ;	35��6�  ��G-         ?	G- 8���G� � a�G: ����G�� ;6	G� m��	G- .�G��

������ ;6	� ?	- � C7P �: 
1O6�:     �:��G�� ;6	G� ?	G- ����G> ;�G, 

��.�-�: <�- �3��, ;�,	
����� 2_� �: ��_� ����6  �G: � </�Y ;�,

����.� 6� ���K
3� )17 ( ��3�H� <:�E ���: �,��M ��h    � �	GDE \�GK���b 

�� vD3 ;�� �	DE ��- =A� B�W .�-�: 

)17(  θ = π − arctan � b2(r − h)� 
 ���7� �D:�� 8�� ��r  = h 2⁄ +b

2
8h⁄ .��: �,��M �:  	���7� 	��{�

Gads2 ���� ��,��M 
3�: g@
A� ;����6 ]37 [.  

  

  

                                                           
1Immiscible 
2 Wetting 
3 Non Wetting 

  
 1
	5- ��0*?)Z �� [-� % \(�� ;�� X��+ �(%09��  

 

  
  

 1
	6- �(%09:�� ]���F� ���& ]<? )� U�FO� X��+ 8�4  

15/0 
10/0 
05/0Gads2=  

 
   �� �	GDE �gG@
A� ;�G���6 ;�6� �: �O���-	� 	T� 5��� 5�1� ;�	:  ��

�� ��	E ����3�H� ��Y�� �� B��.� 
��Y;��W �: N�,�   a�G: ����G�� �: ��

�-�: ��_� �� 8���� � ]11[ .<�-7 �  ;�6� �G: �� �	DE <�- 	��{15/0 �

10/0 �05/0 Gs2=    gG@
A� ��G_� ����6 �3 �: C3��
� ��179 �139 �

5/119 =θ ���� 5�1� �� ��-�:.�,�    

  

      
  

  

 1
	7- U�FO� X��+ �(%09 �� �& �)-. ^M�?  

179 
139 
5/119 =� 5���6%)
�� 

  

 ��� ����� ;�	:15/0=Gads2   �G� �G
 	O 	^� ��    F:�GD� �G� ��G-

<�- 7� ��_� ����6 8�� �� �	DE� U�M V��/ �:  ���G�� ;�� 	: ����1�

�� ��	E.�	�O  

  

4 - `�� % a(�F�  

 <�-8 ���_�  B�W �: ;�.:�� B�����	��� 2� 6�480=L  	GP � r

24= W.��
�, 8�9
��: ���- �Y�� �� ��.:� ���_� .
3�  �;���� �� 6� 

       B�G���	�6 2G� FG�	W 6� ����G-��> 6�G  � B�G���	�6 �� F�	W 6� �
3���

�� ���
3	  �
3��� 6�  <M�� �: 
> V��/ �: ����� .��G-  B�G���	�6  �G,

r	P ;���� 2� 	, 8=2W=1W  B�W �31=Lg ��-�:�.�  ;6	� m��	-

    :
G3� ��G- N�G^�� 	G�6 V��/ �:  B�G��� ;���� �� )0=x (   6�G  
P	G3

�: �
3��� � ����-��> ��	�C Ud �Uc    �G7��9� B��G3 �:� �Qd   �G:� �

�
3��� B��3 Qc ��
�, ) B���� �>�	M �� �x=L(    ;6	G� ?	-  ��G1

 
:�T
3� ������ �� 
P	3 � �,9��      �G: 
G1O	: ;6	G� ?	G- V��/ �:

  
GG3� ��GG- �GG
 	O 	GG^� �� CGG7P ]31[ . �GG: ���GGP� 6�  �� NGG4� �GG.:

B�����	���  ��P �, �0�����    ;�	G�� 
�G�� �G� 
3� 
G>9�    ;�	G�� �G:

�D:�� V��/ �: � 
3� �HD3 =1� )4�� g�	.� (  5��� �G� ��-μO �


>9�  � �
3��� 6�  ��������Uc � � �
3��� 6�  ;���� 
P	3σ� =1�

0.0025

0.003

0.0035

0.004

0.0045

0.005

0.025 0.03 0.035 0.04 0.045 0.05

p∆ 
��

�-
 �

Y�
� 

��

1/R

٠.٠٩١٨=σ

θ = 119.5° θ = 139° θ = 179° 

Gads2=0.0Gads2=0.1Gads2=0.1
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3� 6� �� 8�: �HD3      
�G�� ���G�� 8G�� �� 	G0�� NG4� �.: �: ��P .


P	GG3��GG/ �GG: �GG� 
GG3� 6�GG  �� ;���� ;�GG, VR=Uc/Ud  gGG�	.�

�� .��-  

  ��GG- �.GG3 �GG��7� 8G�� �� �GG� 
GG3��GG���	  �GG3 �	GGDE <��GG1�� B

   �G3�	: ���G���� �
3��� 6�  2� �� �������	�L ����-��> ��	GO.   ;�	G:

B�� )�GD:�� F�W ���3����� B�� 6� �������	�L B��3 ;6�312  ���K
G3� (

��- .
3�     C�	GS 	�T�G� �G���� ��n    ��GP � ���G3����� B�G��0�����  �


P	3 
��� .
3� ��- �3�	: �	DE U���	  � 9��3 	:  

 

 1
	8-  ��0*?)Z %)
�� 9034 5���6%& 90 ��	 1�
2+�*��  9�:

���*	0�� 9�: % �F�*�� 

 

4-1 - /(0�� % 1�
2+ ��*+*�� 5��� �& ��*+*��)�, �)-.

34 5���6%)
�� �&�*��  

4-1 -1 - 0&*��(��6 5�� ]()b )�@�+ (n) �)-. 1�
2+ )�  

<�-9-(g��) ����	    5�G�6 �� �	GDE <��1�    2G� �� gG@
A� ;�G,

�M	h �� 8
 	O 	^� �� �:  
P	G3 
��� 8/0=R     G: 
G3� CG3��
� �G�� 

013307/0=Ca  �� �: ;�61= n �� 5�1� .�,� ) �GD:�� F�W12 (  �G
E�

n  ��-�: 2� 	:�	:�� ������� B��3 .��-      <�G- 8G�� �� �G� ��GW 5�G_,

�� ��,�1��	DE ��-  � (����G-��> 6�G )6  ta �G�  tc     ;�	G1�� �G: \�	G-

�� 5��6 �� �� ���  td�� w� �	DE =���> ����	    5�G�6 6� �G.: � �,�td 

��  te�� ��> �	DE  �G� =�G� �
3��� B��3 �� � ��-���  <�G- .9-(c) 

V�	��{�  Pc� Pd �� 5�1� 5��6 C�Y 	: ���� �,� Pc � Pd   CG��	� �:

� ]D7� �� ����-��> 6�  � �
3��� 6�  ��1     B�G��� � �G��	�: B�G��� ����

 �;9�	��@/�  �� �Y�� 2� B����	�6 �>�	M 6��� �,.�-�:  �: �	DE �-�

�� ����� 
��� ��1  Il
M� �@�3������6 �� �:�   8�G: 6� ��G1  Il
M� ��

 .��	:<�-9- (g��) ]E�� ������	      B��G3 2G� �� ���G���� �	DE <��1�

�� �������     ]G>	� �G: �G���7� �� 5� [��G
� �G� �-�: ]20[    ��G- �G����

�� <�- .�-�:9-� (����	  5��6 �� �	DE <��1�    2G� �� gG@
A� ;�G,

�M	h  ;�6� �: ��6/0= n �� 5�1��,� .<�-9-)� ����G_� ( Pd   �� ;�	G:

) ������� B��31=n(  F�E� B��3 �)6/0=n (�� .�-�:5�_,     �� �G� ��GW

<�-9- (�)�� ��,�1� ��- <�- �� �9-  �G- ���� v�GS�� (c) �  ?�G7�

���1�:  ����_�Pd �	DE =���> 5��6 )td�(  
G3� .    8�G��� 5�Gh 8��	:�G�:

 �D7����1�: Pd   <�G- F�W9-  ;�6� �G: (�)1=n �  �G� w� 	G���6  ��G,�

 8��	:��: ���G���� B��3 �� �	DE <��1�)1=n(   �G� w� 	G���6   �G: � �G,�

,_    �� �AG1� 5�G�6 2G� �� ��- <��1� V�	DE ���.� 	W�M 8�1=n �

� 	
1�: 66/0=n .
3�  

 
ta: Pd>Pc 

 

 
tb: Pd>Pc 

 
 

tc: Pd=Pc 
 

 
td: Pd<Pc 

 

 
te: Pd=Pc 

 

 
tf: Pd>Pc 

  

(g��)  

 
(c)  

  

 
ta: Pd>Pc 

 

  
tb: Pd>Pc 

 

  
tc: Pd=Pc 

 

  
td: Pd<Pc 

 

  
te: Pd=Pc 

 

  
tf: Pd>Pc 

 
)�(  

��
1

 
 

t 

�F�*�� 9�: 

�F�*�� 9�: 

 ���*	0�� 9�:



       

 

 8
�

H
�

	>
�,

 �
 �

��4
��

 8
�

Y�
_H

� 
�;

	^
�

 
��

�6�
_H

�
�

��T
 

321 

  
(�)  

  

1
	9-  (UG0�7)A 1
	 ����9�& �)-. �( 8)�c ��*+*�� 5��� �( 

)1=n(
  

 ^0)��e+ (V Pc  %Pd  �( �&�7)A 1
	 ����9�)-. �( 8)�c  

  (f�7)A 1
	 ����9�& �)-. �( 8)�c ��*+*��)�, 5��� �( 

)6/0=n(   

 �<(�D� �0&*�� (&Pd  8090 ��1=n  %6/0=n  

  

 

4-1 -2 - 0&*��(��6 5�� ]()b )�@�+ (n) �)-. �90��0 )�  

      ;�6� �G: �	GDE <��G1� �G���	  =GA: 8�� ��n    6�G  gG@
A� ;�G,

F��9�     
P	G3 
�G�� ;�6� �G: � ����G- ) ;�G,R    8G�� 	�T�G� � gG@
A� (

�� ��	E �.��D� ���� �	DE �6���� 	: �,	
����� <�G- �� .�	�O10   V�	G��{�


P	3 
��� ;�6� �: 5��	> ��
 � ;�,2/1=R  �5/2=R ;�6� �: �n  ;�G,

 �g@
A�1=n  �6/0=n �� �3�	: ����3����� B�� <�G- F:�D� .��-10 

 2GG� ��R  �� �AGG1�n) 2GGh�� ;�GG,6/0=n<�GG- F:�GGD� �	GGDE �(  

 10-x�9: V�	DE � ��� B�{-� �� B���� r	P k�_� ���� <��_� g��  ;	G�

�� <�-_�f� 5� �: ulD/� �� �� �	�O�-����1 �� �
KO ��G-  �� �G�� �

n) 	
O�9: ;�,1=n�� B�{-� �� B���� r	P 6� �
_�E m7  �	DE (  �G��

2GGh�� V�	GGDE <GG��� 8�GG_, �GG: ��GG� <��GG1� ;	GG� NGG�f� �GG� ��GG-

��h 5�	�2 �� ������.��-  

<�-11   ����G_�D/H    CG�Y 	G:n   )
P	G3 
�G�� �� ��R  ;�G,(

�� 5�1� g@
A��� �,� D   � �	GDE �6��G�� �H     �G: .
G3� B�G��� r	GP �

 =��9 �n  V�	GDE <��1� �: 	Z�� �� �
 �� =��9 � �7��9� B��3 
>9� �

  2Gh�� �6��G�� �:  �G� 	G�     )
P	G3 
�G�� =��9G � �G: � ��G-R  2G� �� (

n .
-�� N�,��M �� �	DE B�W =,�� ��A1�  

<�- F�W12 ) V�	DE 8�: �@/� ∆x 	
����� 	��{� ;�6� �: (n  B��


��� �� �� ���3�����  
:�T 
P	38/0=R  �2/1=R �� �3�	:  �G: .��-

 =��9 �n     =��9G � �	GDE <��G1� U��G�	  � �
 �� =,�� V�	DE �6���� �

���� =,�� V�	DE 8�: �@/�  �Z�
� �� �� �:��.�:�� 

  
 (g��)6/0=n  �5/2=R  

 

  
 (c)1=n  �5/2=R  

                                                           
1 plug 
2 dripping 

 

  
 (�)6/0=n  �2/1=R  

  

 
 (�)1=n  �2/1=R  

 
1
	10-]()b )�@�+ n LP)� LJ<� % 0&*��(��6 5�� R  �)-. 5*Z )�

'�()� L�� �& (D)  

  

  

1
	11-   ]()b )@0n � LJ<� %) LP)R (�)-. �90��0 )� )D(  

  

  
1
	12-  ]()b )�@�+ n  8090 �� ^0)-. ;�� ��!�: )�8/0=R  %2/1=R  

 

4-1 -3 - &�P )�@�+�g��(*� �)-. 1�
2+ )�  

 �: ��P      
�G�� �G- ���G-� 5� �G: l�GE �� ��W 5�_, �0����� �.:

 ;�	���
>9� �� �HD3 =1� �: NG4� �@_> 6� � �-�:   �G,	
����� 8�	G�

<�- ����	  ��     	G: �0����G� ��GP 	�T�G� =A: 8�� �� .
3� �	DE ;	�O

   ;�6� �G: �	GDE �6����n      �G� ��	GE �G.��D� ���G� gG@
A� ;�G,  �� .�	G�O

<�-13      �HDG3 =G1� � gG@
A� �0����G� ���P� ;�6� �: �	DE �6����

 
:�T0918/0 ;�6� �: �n      	G��{� �G: .
G3� ��G- ���� 5�G1� g@
A� ;�,


P	3 8�: 
��� � �
3��� 6�  
P	3   	G��{� �0����G� ��P �6�  �� ;�,

�� ��,�1� �� ��W 5�_, .
3� ��	�    �� �0����G� ��GP =��9G � �: ��-

 2�n 1� ;�	�� ��A�
>9� �� 8�: �HD3 =1� ;�	�� 	:   �G�@L 6� 

�� �	DE �6���� =,�� �: 	Z�� 8�� � ��	�    �0����G� ��GP 2G� �� .��-

 =,�� �: 
:�Tn�� =,�� 
>9� �     ����� <G��_� �	GDE �GZ�
� �� � �G:��

          <��G1� ;	G
O�9: V�	GDE 8��	:�G�: .�G�� B�{G-� �� B�G��� r	GP k�G_�

�� .��-  

  

0.3

0.5

0.7

0.9

1.1

1.3

0.4 0.6 0.8 1

D
/H

n

R=1.2

R=0.8

1.6

2.1

2.6

3.1

0.45 0.65 0.85 1.05

∆
x/

H

n

R=1.2

R=0.8



 

 

<
��

1
�

 � 
=

���
>

 
�	

D
E

 
�

��
��

��	
�L

 
�� 

5
��	

>
 

�� 
;

6�
 

 ...
 

322 

  
 1
	13-  )@0&�P h*� �g���)-. �90��0 )�  

  

4-1 -4 - 0&*��(��6 5�� ]()b )�@�+ (n)  5*Z )�/(0��1  

      �	GDE 8�G��� =���G> <GH� �G� B���� \�	- 6� �@/�  �=���> B�W

 
P	3 
��� ;�6� �: .
3�8/0= R  6�G �� ���G0h �         1=1ρ =2	ρ  �

   	G:�	: �HDG3 =1� �l�a 5��6� F�W0918/0  �G�  <�G- .��G-14 

   ;�6� �G: �� �	GDE 8���� =���> 5��6 � =���> B�Wn   �� gG@
A� ;�G,

 �HD3 =1�0918/0  
:�T 
P	3 
��� 2� �� �8/0=R   �G: C3��
�

01307/0=Ca�� 5�1� �� �   <�G- �� �G� ��GW 5�_, .�,�14   ��,�G1�

�� =��9 � �: ��-n�� =,�� =���> \�	- 5��6 � ]�	G3 �	DE ��:��  	G�

�W � ��- ��>�� N� =���> B     �B��G3 5�G- FG�E� �G: �����P �: .��-

�� =��9 � �	DE =���> 5��6 � B�W ��
 �� =,�� B��3 
>9�.�:��  

  

  
(g��5/0=n  �26000=T  

 

  
(c51/0=n  �18000=T  

  

  
(�54/0=n  �12600=T  

 

  
(�6/0=n  �8700=T  

 

  
�(8/0=n  �8000=T  

 

  
�(1=n  �7520=T  

 1
	14 -  5*Z ^0)��e+/(0��  '��9 %/(0�� 34 5���6%)
�� �& �*��

 LP)� LJ<� 80)�8/0=R
 01307/0=Ca 8090 �� %n U�FO� 8�4  

  

<�-15     6� �.:�G� V��G/ �G: �� =���> B�Wn    
P	G3 
�G�� ��

8/0= R �� 5�1�   �G� �G1,�� ;����G_� �� �,�  .�G-�: <�G-16   B�GW

    ;�6� �G: � gG@
A� �0����G� ���P� ;�6� �: �� =���>6/0=n  �8/0=n  �

                                                           
1Detachment 

1=n �� 5�1�5�_, .�,�    �G� ��,�G1� �G� ��GW     ��GP =��9G � �G: ��G-

�� =��9 � �HD3 =1� ;�	�� �: 
��� 6����� ;�	�� ��0�����  �G:��

]�	3 �	DE �Z�
� �� ��� =,�� =���> B�W � ��- ��> 	�.�:��  

  

 
1
	 15- �& /(0�� 5*Z ^0)��e+ 34 5���6%)
�� LJ<� 80)� �*��

 LP)�8/0=R 
01307/0=Ca 8090 �� %n U�FO� 8�4  

  

  
1
	 16 - ^0)��e+ 5*Z /(0�� �& 5���6%)
�� 34�*�� ��  8090n8�4 

 &0�P0 8090 �� % U�FO��g��(*� U�FO�  

  

5- ���F�8)�c 
  <�G���
� ��G- B�� �: 8�9
��: ���- )�� 6� ���7� 8�� ��   � 5�G-)

���- ;�	: (8h   �� ���G����	�L �	GDE <��G1� ����	  ;6�3    B��G3 2G�

N, B�����	��� �� ���������H� ?�@A� B��3�� <��-)  ���K
G3� (���1�

 �� 6� ��
:� �� .
3� ��-5��6� ��
P� ;�	: ��_� ����6 � �l�a  �Z�G3�


H/ ;�	: � ��- ���K
3� ��     �B�G� v�HG/ B�G_P� �Z�G3  �G���7� 6�

�3 � ;6� �� 5��	> �@�@H� [��
� �: �� [��
� �HK/ �� 8�: ;6�   ;6��G�

  ���G3����� B�� �������	�L B��3 ;�	: .
3� ��- ���K
3�   ��G- c�GA��


3�C�	S 	�T�� ����� �� . n 
P	3 
��� ����3����� B��  � 6�G �� ;�,

 ��P 	�T���0�����    [��G
� .
G3� �
 	O ��	E �3�	: ���� �	DE <��1� 	:

�� 5�1�   =��9G � �G: �� �,� C�	GS n    ����G3����� B�G� 
G>9�   B��G3

 ��� =��9��> \�	- 5��6 � �:�]�	3 �	DE � �
 �� =,�� �	DE =��  	G�

 =���> �: \�	-����� B�W � =���> 6�L� 8���� �� =,�� �	DE�  �G:�

 ��P =��9 � ��0�����  B�W =,�� �: 	Z�� N, =���G>  �G�   �G: .��G-

=,�� n F�E� � �B��3 5�- 	�
>9� �� =,�� 9�� B��3�   �	GDE � �G:�

    =,�G� �G: ;	G
O�9: V�	DE � ��� B�{-� �� B���� r	P k�_� ���� <��_�

n �� <��1�
P	3 
��� =,�� �: .���- )R ( ��P =,�� ��0����� �

�� =,�� �	DE �6���� � B�W�    C�	GS 	�T�G� .�G:�n     	G: ���G3����� B�G�

�- �3�	: 9�� V�	DE 8�: �@/� .   =��9G � �G: n �    =,�G� V�	GDE �6��G��

0.3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

0.008 0.018 0.028 0.038 0.048

D
/H

Ca

n=0.6

n=0.7

n=0.8

1.5

2

2.5

3

3.5

4

4.5

5

0.4 0.6 0.8 1

L/
H

n

0

1

2

3

4

5

6

0 0.01 0.02 0.03 0.04 0.05

L/
H

Ca

n=1

n=0.8

n=0.6



       

 

 8
�

H
�

	>
�,

 �
 �

��4
��

 8
�

Y�
_H

� 
�;

	^
�

 
��

�6�
_H

�
�

��T
 

323 

�� =��9 � �	DE <��1� U���	  � �
 ����:� �� }P�: 8�� �   �@G/�  ��G-

  .�:�� =,�� V�	DE 8�:  

 

6 - \�0)� 
[1] Cal K., How does the type of vehicle influence the in vitro skin 
absorption and elimination kinetics of terpenes.  Archives of 
dermatological research,Vol. 297, No.7, pp. 311–315, 2006. 
[2] Richter M., Woias P., Wei  D., Microchannels for applications 
in liquid dosing and flow-rate measurement.  Sensors and 
Actuators A: Physical, Vol. 62, No.1, pp. 480–483, 1997. 
[3] Burns M.A., Johnson B.N., Brahmasandra S.N., Handique K., 
Webster J.R., Krishnan M., Sammarco T.S., Man P.M., Jones D., 
Heldsinger D., Mastrangelo C.H., . Burke D.T, An integrated 
nanoliter DNA analysis device. Science, Vol. 282, No. 5388 , pp. 
484–487, 1998. 
[4] Losey M.W., Jackman R.J., Firebaugh S.L., Schmidt M.A., 
Jensen K.F., Design and fabrication of microfluidic devices for 
multiphase mixing and reaction. Journal of 
Microelectromechanical Systems, Vol. 11, No. 6, pp. 709–717, 
2002. 
[5] Thorsen T., Roberts R.W., Arnold F.H., Quake S.R., Dynamic 
pattern formation in a vesicle-generating microfluidic device. 
Physical review letters, Vol. 86, No. 18, pp. 4163-4166, 2001. 
[6] Menech M.D.,  Garstecki P., Jousse F., Stone H.A., Transition 
from squeezing to dripping in a microfluidic T-shaped junction. 
journal of fluid mechanics, Vol. 595, pp. 141-161, 2008. 
[7] Cramer C., Fischer P., Windhab E.J., Drop formation in a co-
flowing ambient fluid. Chemical Engineering Science, Vol. 59, No. 
15, pp. 3045–3058, 2004. 
[8] Fu B.R., Pan C., Flow pattern transition instability in a 
microchannel with CO2 bubbles produced by chemical 
reactions.  International journal of heat and mass transfer , Vol. 
48, No. 21, pp. 4397–4409, 2005. 
[9]Garstecki P, Fuerstman M.J., Stone H.A., Whitesides G.M., 
Formation of droplets and bubbles in a microfluidic T-junction-
scaling and mechanism of  break-up.  Lab on a Chip , Vol. 6, No. 
3, pp. 437–446, 2006. 
[10]Gunther A., Jensen K.F., Multiphase microfluidics: from flow 
characteristics tochemical and materials synthesis.  Lab on a Chip, 
Vol. 6, No. 12, pp. 1487–1503, 2006. 
[11] Waelchli S., Rudolf von Rohr P., Two-phase flow 
characteristics in gas–liquid microreactors. International journal of 
multiphase flow, Vol. 32, No. 7, pp. 791–806, 2006. 
[12] Weber M., Shandas R., Computational fluid dynamics 
analysis of microbubble formation in microfluidic flow-focusing 
devices. Microfluidics and Nanofluidics , Vol.  3, No. 2, pp. 195–
206, 2007. 
[13] Wu L., Tsutahara M., Kim L.S, Ha M., Three-dimensional 
lattice Boltzmann simulations of droplet formation in a cross-
junction microchannel. International journal of multiphase flow, 
Vol. 34, pp. 852–864, 2008. 
[14] Yu Z., Hemminger O., Fan L.S., Experiment and lattice 
Boltzmann simulation of two-phase gas–liquid flows in 
microchannels. Chemical Engineering Science, Vol. 62, No. 24, 
pp. 7172– 7183, 2007. 
[15] Liu H.H., Zhang Y.H., Droplet formation in microfluidic 
cross-junctions. Physics of Fluids, Vol. 23, No. 8, pp. 082101, 
2011. 
[16] Tan J., Xu J.H., Li S.W., Luo G.S., Drop dispenser in a cross-
junction microfluidic device: Scaling and mechanism of break-up. 
Chemical Engineering Science, Vol. 136, No. 2, pp. 306-311, 
2008. 
[17] Azarmanesh M., Farhadi M., The effect of weak-inertia on 
droplet formation phenomena in T-junction microchannel. 
Meccanica, Vol. 51, No.4, pp. 819-834, 2015. 
[18] Malekzadeh S., Roohi E., Investigation of Different Droplet 
Formation Regimes in a T-junction Microchannel Using the VOF 
Technique in OpenFOAM. Microgravity Science and Technology, 
vol. 27, pp. 231-243, 2015. 
[19] Umbanhowar P.B., Prasad V., Weitz D.A., Monodisperse 
Emulsion Generation Via Drop Break Off in a Coflowing Stream.  
Langmuir, Vol. 16, No. 2, pp. 347-351, 2000. 

 [20] Shi Y., Tang G.H., Lattice Boltzmann Simulation of  Droplet 
Formation in Non-Newtonian Fluids.  Communications in 
Computational Physics, vol. 17, pp. 1056-1072, 2015. 
[21] Alizadeh M., Taeibi Rahni M.,  Eftekhari Yazdi M., 
Numerical investigation of emulsion process in microchannels, 
using index-function lattice Boltzmann method. Modares 
Mechanical Engineering, Vol. 15, No. 4, pp. 13-22, 2015 (In 
Persian). 
[22] Qiu D.M., Silva L., Tonkovich A.L., Arora R., Micro-droplet 
formation in non- Newtonian fluid in a microchannel. Microfluid. 
Nanoflui., Vol. 8, pp. 531-548, 2010. 
[23] Sang L., Hong Y.P., . Wang F.J., Investigation of viscosity 
effect on droplet formation in T-shapedmicrochannels by 
numerical and analytical methods. Microfluidics and Nanofluidics, 
Vol. 6, pp. 621- 635, 2009. 
[25] Lio H. , Zhang Y., Lattice Boltzmann simulation of droplet 
generation in a microfluidic cross-junction. Communications in 
Computational Physics, Vol. 9, No. 5, pp.1235-1256, issn 1815-
2406, 2011. 
[26] Gupta A., Kumar R., Effect of geometry on droplet formation 
in the squeezing regime in a microfluidic T-junction.  Microfluidic 
Nanofluid, Vol. 8, pp.799-812, 2010. 
[27] Nie Z., Seo M., Xu S., Lewis P., Mok M.E., Whitesides G., 
Garstecki P., StoneH., Emulsification in a microfluidic flow-
focusing devise: effect of the viscosities of the liquids. Microfluid 
Nanofluid, Vol. 5, pp. 585-594, 2008. 
[28] Xu J.H., Li S.W., Tan J., Luo G.S., Correlations of droplet 
formation in T-junction microfluidic devices:from squeezing to 
dripping. Microfluidic Nanofluid, Vol. 5, pp.711-717, 2008. 
[29] Liu H., Zhang Y., Droplet formation in a T-shaped 
microfluidic junction. Journal of appled physics, Vol. 106, pp. 
034906, 2009. 
[30] Zhao Y., A Novel lattice Boltzmann method for direct 
numerical simulation of multiphase flows. Phd thesis, The ohio 
state university, 2009. 
[31] Nabovati A., Sousa A. C. M., Fluid flow simulation in random 
porous media at pore level using the lattice Boltzmann method. 
Journal of Engineering Science and Technology, Vol. 2, No. 3, pp. 
226- 237, 2007. 
[32] Gabbanelli S., Drazer G., Koplik J., Lattice Boltzmann 
method for non-Newtonian fluid Flows. Phy Rev E72, Vol. 
046312, 2006. 
[33] Toms B.A., Some observation on the flow of linear polymer 
solutions through straight tubes at large Reynolds 
numbers.  In Proc. 1st Intl Congr. Rheol. Vol. 2, pp. 135-141,1949. 
[34] Emerson A., Model experiments using dilute polymer 
solutions instead of water. Trans N.E Coast Inst Eng 
Shipbuilders ,Vol. 81, 1965. 
[35] Delplace F., Leuliet J.C., Generalize Reynolds number for the 
flow of power law fluid in cylindrical ducts of arbitrary cross-
section.  The Chemical Engineering Journal and The Biochemical 
Engineering Journal, Vol. 56, pp. 33–37, 1995. 
[36] Yoshino M. , Hotta Y. , Hirozane T. , Endob M., A numerical 
method for incompressible non-Newtonian fluid flows based on the 
lattice Boltzmann method. Journal of non-newtonian fluid 
mechanics, Vol. 147, pp. 69–78 , 2007. 
[37] Taghilou M.,Rahimian M.H., Simulation of 2D droplet 
penetration in porous media using lattice Boltzmann method. 
Modares Mechanical Engineering, Vol. 13, No. 13, pp. 43-56, 
2013 (In Persian). 
[38] Bird R.B., Dynamics of polymeric liquids. Fluid 
mechanics,Vol .1, 1987. 

 
 
 


