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Abstract: In this research, a 3-D mathematical model is developed for simulating electromagnetic continuous removal of 
inclusions from molten metals. The model includes the computation of electromagnetic force field and fluid flow in the presence  
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of electromagnetic forces. The results of flow field together with electromagnetic force field were further used for calculating the 
trajectory of inclusions in the molten metal. Parametric studies were performed to evaluate the effects of various parameters such 
as magnetic field intensity, inclusion size, and fluid velocity on inclusion removal efficiency in molten magnesium. In order to 
verify the mathematical model and visualize the trajectories of particles in the melt flow under electromagnetic force, a physical 
model was constructed. The predicted particle trajectories and separation in the physical model were compared with those 
obtained from experiments, which showed a relatively good agreement. 
 
Keywords: Electromagnetic refining, Electromagnetic force, Mathematical modeling, Physical simulation, Metal refining, 
Inclusions, Magnesium. 
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 � 4��`�b�	 ��� B	cK�-X .b���5S ���]Ub�)�(4�	� N�.b&

 ��	 46� .V9b: 5	 �b9I� �`: r� ]��� 46� ��R�� �6�

NdFeB Ncb'� ���bA %(bU;^ V9: 5	 1E�� 12�� �E %��&�+ �

%U���U�	 N���: ��YMX 1F9� O 4�KR8DC ��	 .O�b;+ ��;e�

 B	8 N	�b9G �bE ,�b�K;^ ,O�b+ B	8 O ��K� N	�9G �E Z�6�

 �&	� �E ��RS '� ,69E 6b9���A 	�T 4��`��	 ��� x;� .,�b��&	 �

 4699+	6: 4	��� ��&�+ ��b;e� �bX 6b� >\& ��&�+ ]R	� � ,	

 ��� ZK(�X l'E O� �E %:O�R .�@ 5	 %:O�R ��;e� N���:

 >\b& �bE O 46b� ZKbq9X �b�&S 1b2�� 32b� �bE �:�X �E l'E

9KEO��bb�Z;Kbb� ,N	6bbK� 45�bb[ �bbE 48 �OO �bbKDT�� ,	��bbE

H %(KL�9M�%� �F 6�.

�9I�����DE	 ,		� 4��`��	 ��� ,
~×�~×�~4��bE ���K;K� 

��L �E %(KL�9M� N	6K� N�OS ��� �E ,	�E O
~~ 5	 ���K;K� 

�6� 4��`��	 C�E B�\'.� �E �9I� .%�(b��E �U9�	 �E �:�X �E

F2T��%� 	�T �I�6U� ,O�EO P�9�@ �& ,7�bT rb� 5	 �69���A 
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C�GZE2�0�)G '.�	
� �3 93�H�� 3��	 ����=[0�=��.��� �$	 #.

)الف(
)7(

C�G\E)^ � ('.�	
� �3 93�H�� 3��	 5�:	 �8�)[	 �$�A�=� ��.��� �$	 #)�(9
�$;� `�?� ,�������	 ��G � �:D 9$G #��1

9
�$;� ��)���	 >�" �� �A.

6b� 4��`��	 ��&S ��� ,	�E ,�C�� .�]Ub�)�$xb�	 (|�bL

 .b���5S Wb�	 ,	�E 46� �K�X �9I� �G��-���46b� 4�	� N�.b& 

��	 .�9I� N�	� 	�T 5	 V^ �+ >KX�X W�	 �E�b� �bE >bKX�X �bE 

�9I� �>(J �E ��&S N6&�F(J O ,�C�� ��(X ,O��4��`�b�	 �E 

���'? �E %�K9��	 Nc& �&5 �C�� �O 5	�/~7�T �E ���K;K� 

%� �E�H 6&6� .T W���bA 	�bT �EF2�b� �& ,�Zb@ �bE	�E � P�b9�@

�9I���%� %T�E �+�[ NO6E O �E�H 6b&6&�� .,�b��&	 O 	6b�E	 �

 4�`[ 7�T �b�	 46b� �KFDX ��A %(U;^ ��&�+ �FG ,	�E ,	 .

45	6&	 ,	�E ��A 5	 %(KL�9M� �� %��IJ ,�KA ���F.W. Bell 

�6��~�~ 6� 4��`��	 .45	6&	 	6�� �b� %��bIJ 46b� ,�bKA

(KL�9M� �bG��-� xb;�'� =�b2R ,O �bE �(X >([ �E %

]U� � �9I�)�$7(�b�	 46� 4�	� N�.& .>bKX�X Wb�	 �bE

 ]be� �+ ��9I� �G��-� %&�K� 4�O6e� %(KL�9M� �� %��IJ

 ���E ��A %(U;^ ��&�+ W���A 	�T�/~6� 7�'�&	 �(X .

�bE %+	�bR P�DL r�& N�Oc�	 �E Z�6� O�;+ ��;e� 	6�E	

 �2�� 7S6� �K�X .W�5�X �;K�O �E ��K�X 5	 V^ ��;e� %��IJ
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~ %;K� P6b< rb� �bT� �E %���K-�� ,O5	�X �E ��;e� 5	 ��K�

 6� WKKDX P�A .Nc'� 5	 46� �K�X ��;e� l���5S �@ fO�� �

 %� �	O f�`X	 ZKq9X Nc'� �E ��^ �E c�-� ��;e� 4�KR8 6�.

f�`X	 ZKq9X Nc'� � ��;e� 32� ���9+ ,	�E ,	�bE %�	�-� �

��E 46� �KFDX ��;e� c��� .�bE f�b`X	 ZKq9X Nc'� 5	 ��;e�

 NS xb+ � ��A %(U;^ ��&�+ �+ ,�I�� Nc'� �E ��&�+ r�

 %� �	O ��E 46� >\& 6�.Wb�	 � Z�6b� O�;+ ��;e� 32�

 %� ���	� �I& �E�H f�`X	 ZKq9X Nc'� �E�.� Nc'� 6�.��;e�

 (U;^ ��&�+ 5	 �FG %L � 46b99+	6: 4	��� �;K�O �E ��A %

V9: 5	PVC ���'? �E�/~�E O ZK(�X l'E O� �E ���K;K� 

%b� y�bR �&�A	6: B�< 6b� .�6b� O�bUK� �b�YMX 1bF9� 5	

PW4053R k�b��O %:O�R �9�	� �E ~/�~$~/~N�b��: O �b�O 

%bbU���U�	~/�$~/~%bbU���U�	 N�bb��: WK��bbX ,	�bbE �bbK�S DC 

6� 4��`��	 .@�O��U�	 6X�+ O 6&S N	�9G �E {��R ZK9K���S 5	 %��

 ��&�+ ����b��A 	�bT 4��`�b�	 ��b� Nc'� O %:O�R ,.�bE

 45	6&	 �q9� tKT� B�< �E %U���U�	 N���: ,�KA ���K���b� 5	 

Hioki �6� ��~� ,�b� B�b< �E �+ ����S P6< r� �T� �E 

%� 	�T 	6� � 6� 4��`��	 ����A.

^ 5	 N�9K�L	 5	 V^ %(bU;^ ��b&�+ � ��;e� N���: ,	6��

 B	8 O 	�bT�E �b�YMX 1bF9� tb��L 5	 %U���U�	 N���: ���A

 �.bK� �b��� rb� tb��L 5	 rbX rX B�< �E ,��K;^ �bE ,	

 %b� 4�Oc�	 1E�� 12�� �E ��&�+ ,�OO 6b� .l9U�@�bE �bH	 �

 �9I� 5	 ]b<�[ %(KL�9M� N	6K� �b� B	8 �%bU���U�	 N�b��: O

W�? � ,��K;^ n�be9� ��b&�+ 4	��� ��� �E ��&�+ 5	 �FG 

lb'E 5	 ��b;e� 4	�b�@ �bE 4	�b�� �bE ��R�E 5	 V^ O 46�

 %� y�R ��&�+ %:O�R ��UJ�+ 6&6b� .,�b�K;^ 48 �bKDT��

 ��bL � �b+�[ �K(b� %L � O %(KL�9M� N	6K� �E �OO �

 %� �FH 4	��� �E NS ��R�E ]e� O ��&�+ 6b� .B�bG�L	 Wb�	

	 ,	�bbE ��bb� ,�bb�K;^ B	8 �bb+�[ �K(bb� ,5�(bb�6� %E�bb�5

 %� 	�T 4��`��	 ���A .B	8 �nYb[ N��6&	 %E��5	 �q9� �E

N6� �	O O n	�e&	 O 46� �	O ��&�+ x;�'� =��& 5	 ,��K;^

 nYb[ �bKD� N	�b9G �bE ��b&�+ %:O�R ��UJ�+ l'E �E ��&S

 %� ����A �q& � ��RS 6�.�b�5	 ,	�bE �+Yb� %U�cK� �6� %E

	�bT 4��`�b�	 ��b� 7	Yb� 5	 ��RS ����K^ nY[ %?�� �6�

6� 6@	�R 4��	 NS �E ��	�	 � �+ ����A.

WEa*� � b.��; 

N��@ O ��Kb� �b+�[ 45	6&	 6DE NO6E BC��D� 5	 �+ �&�A

%bb� {'.bb� ��bbRS 48 �bb+�[ � Z�(bbK� ,�bb@�KM�� ���bb�

 6bDE NO6bE �	6bG	 �bE BC��D�Re�Ha�γ�KO �FrN�bKE 

%� 6&�� .�bE =�E�� 56��9� �6G 7	Yb� OHa,O�bK& �I&�bKE 

�b�	 VKL�9M�O��U�	 .�6bGFr,O�9b� ,O�bK& � 	 ��bR �

(1- ) Frγ%� N�.& 6@� .	 ��bR ��K� ,�OO �G�� ]�G �

 �6bG �bE %��b�G	 %(bKL�9M� N	6K� O 4�	� N�.& 56��9� �6G �

 �W�X�@ 6DE NO6EHa%� {'.� ��� .� ��bRS 48 45	6b&	

K� ��RS 48 %��IJ Oγ%� N����& ��� .�H�� ]�	�G �I��

 ��b&�+ 	6F� �E �F(& ��RS �OO �KDT�� ]��� ��RS nY[ �

 ��	 NS ��L �E ��&�+ 45	6&	 �F(& cK& O.%b��E �bE �b�	�	 �

	�R ��R	��^ 46� 4��	 �H�� ]�	�G 5	 r��@6� 6@.

N��@ � �b+ �K`\bX ��b&�+ 5	 7	Y� �FG �6� N�KE �+ �&�A

 �b�	 �b���A 	�bT �bR	�9U� O �E�H %(KL�9M� N	6K� s�D�

 %� ��&�+ 32�� 32� � %U���U�	 N���: ,���	 >:�� ��� .�E

�K`\X ��&�+ 12�� 32� � 46� ���	 N���: =�2R �&��& N	�9G

 �]U�))(�b�	 46� 4�	� N�.& .�bE N��bE t��bG �bE �b:�X

4	�bb�� �bb��: ,�bb�E N�&�bbT O ��bb&�+ ,�bb@ N�bb��: �%bbU���U�	 N

���	 %U���U�	%� �@�� ��(E ��;[ O� B�< �E 46� ���.

%(bKL�9M� N	6K� �E 46� ���	 %U���U�	 N	6K� W�	 l9U�@�E

 �E >:�� �69�(@ Z@ �E ���G B�< �E �+ %���G	 N6�S ��:O

 � VKL�9M�O��U�	 ,O�K& r�%��� .�bE O�bK& N	6bK� W�	 ��:

 ��	 �K`\X ��&�+ � 7	Y� �+�[ ��: n�R .�]U� )m(

�b�	 46b� �bv		 �K`\bX ��b&�+ � 46b� 6bK��X ,O�K& N	6K� .

N�bb�@ %bb� �bbq[�� �bb+ �bb&�A 7	Ybb� �bbE �	O ,O�bbK& ��bb� 

�bb+�[ �bb�: n�bbR7	Ybb� � NS 	6bb�� O 4��bbE ��bb&�+ � 

N6b� r��c& �E O Z+ 4	��� %U��c& l�	cb�	 ��b&�+ cb+�� �bE 

D
ow

nl
oa

de
d 

fr
om

 ja
m

e.
iu

t.a
c.

ir 
at

 6
:1

1 
IR

D
T

 o
n 

T
hu

rs
da

y 
S

ep
te

m
be

r 
21

st
 2

01
7

http://jame.iut.ac.ir/article-1-502-fa.html


��� ������	
����� �������� ���� /�

C�GWE�& � 4�.�L `�?� ,��;�B c?&	 �3 9$G Re=200�Ha=2.96.
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]U�p$H�XK��6G W�X�@�E�O�^K]�G�� �:O�R%��&�+ `\XK��Re=200.

%� 6E�� .%� �q�&	 >KX�X W�	 �E46b&	�5�E ,O�K& W�	 ��:O �O

KH�X �eX 	 �K`\X ��&�+ � 7	Y� �+�[ ,�I�	6@� 	�T �.

�]U�)p(,	�bE ��&�+ %:O�R � 7	Y� �G�� ]K�O�^

 �W�X�@ �6G x;�'� ������Ha�56��9� �6G � �Re�bE�H �

��	 46� Z� .���G	 ��&�+ �E %(KL�9M� N	6K� �+ %2�	�� �

%�& ����Ha=0%��b� �b��[ �G�� ]K�O�^ ��	� N�bA .�bE

 l@�b+ cb+�� � 7	Y� ��+	6[ �G�� %(KL�9M� N	6K� ���G	

%� 4	��� %U��c& � 7	Y� �G�� �E O 6E�� %� 4�Oc�	 �@ ��b� .

�6G l�	c�	 �E �G�� ]K�O�^ B	�KKMX W�	Ha%� ��.KE ���b�

 �&�A �E�6bG 	6b�� � �+ ,	Ha=14.80�bE �G�b� ]bK�O�^ 

��&�+ 12�� 32� ��.KE � 7	Y� �G�� O 46�S� �'X ���[

 %� N�(U� ��� .N��@ ]U� � �+ �&�A)m(,O�K& �6� 46@�.�

 KL�9M� N	6K� l9U�@�E 5	 ]<�[ VKL�9M�O��U�	 O %���G	 %(

���	 %U���U�	 N	6K� �b+ ]b�G c��X N	�9G �E 7	Y� � 46� O 4�

 %� l@�+ 	 NS �G�� 6@� .� O�bK& 	6b�� �bU9�	 �bE �:�X �E

 4	��� 5	 �XO� =��& NS � �G�b� l@�b+ 	Yb� 4��bE ��.KE �@

 ��	 ��.KE =��& .%E� N��E �E�H �E �:�X �E��bE �G�� ]K�O�^ 

�6G l�	c�	Ha%� ]K� N6� �'X ��� �E�b�	 W�	 �+ �69+

%� &	�X6��E ���	� cK& ��RS nY[ �E %�F�� �KH�X 6.

%b� �bH	 7	Y� ,O ��9X O�K& W�	 	 NS �G�b� O �	YbA

 %� l@�+ 6@� .l9bU�@ �bE 5	 ]<�[ VKL�9M�O��U�	 ,O�K&

 7	Yb� 5	 ,�bFG %U���U�	 N���: O %���G	 %(KL�9M� N	6K�

 %� �H	 7	Y� ,O Z@ �.b� N�b��	�A �bE O�K& W�	 %�O ��	YA

 7	Y� %b�& Z@ �E 	 NS ,�I�	 O 46� %�9R 6b&5 .B�b< �

 �7	Yb� �bE BO�b`�� %U���U�	 ��	6@ �E ��RS 48 r� ��:O

 �	O NS �bE VKL�b9M�O��U�	 ,O�bK& n�bR ��: � %�O�K&

%� �.9� �+ ��� ��	 ��RS nY[ .VUG ,O�K& N	6K� %;�D�	

 %� �	O B	8 �E �+ VKL�9M�O��U�	 ]�G ��: r� � ����

 4��+%� ��	6@ 4	��� r� ��� �E 	 ��RS 48 O69+.

WEFE��HI0 ��;�B �3 ���� 5B�" ���	 ���� 

4	�b�� �bE �b�U��c& B	8 VKL�b9M�O��U�	 ,O�K& ���G	 �E

 �KDT�� � 4699+	6: �b� ��b� �bE ��b&�+ ,�OO �bE �b�U��c& ,

%� n�e9� 4699+	6: 6&�� .� �b�&S �OO �bKDT�� �b+ %bX	8

 ��UJ�bb+ lbb'E ,O�bbK& ��bb�G	 �bbH	 � ��bb�	 46bb99+	6: 

5	 4��b�S 7	Y� 4	��@ O 4��+ ��R�E 4	��� �E VKL�9M�O��U�	

 %� y�R 4699+	6: ��UJ�+ l'E 6&�� .�H�b� ]b�	�G ��	�	 �

 	�T %E��5	 O %��E ��� ��&S nY[ O ��RS �+�[ �K(� �E

%� ��KA.
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C�GfE�� g)0��A 3$8 ��h�0 �	������ �3��;�B HI0��,

Re=400,3K 5 10−= ×�2a L 3.33 10−= ×.

C�GiE�h� 
$ ��.� 3$8 ���	������ ,��HI0 ��;�B �3 

3K 5 10−= × ,2a L 3.33 10−= × �Ha=14.8.

WEFEFE,g)0��A 3$8 ,S�����	���� � #���; �h�Ha

�]U�)#(� ��bRS �b+�[ �K(�Re=4004�	� N�.b& 

��	 46�.N��@ %� �q[�� �+ �&�A �6bG l�	cb�	 �E ���Ha

%b� ��.bKE 46b99+	6: 4	�b�� ��� �E n	�e&	 N	cK� ��b� .�

u�	�b� � �b+ 48 VKL�b9M�O��U�	 ,O�bK& N��E %��+ B�<

 %� y�R ��AcE l'E 5	 %DKFL 5	 O 46b� n�e9� w���+ ����

%� y�R 4699+	6: ��UJ�+ l'E ���.

jEMEZE,
$ ��.� 3$8 ,��� 58� �h� Re

�]Ubb�)"(O ,�OO � ��bbRS 48 �bb+�[ �K(bb�Ha

�6G �� � �E�HRe�b�	 46b� 4�	� N�.b& .N�b�@ �b+ �b&�A

 %� �q[�� �6G l@�+ �E ����ReO 46b� ��.bKE 48 n	�e&	 

�KDT�� ����	O ��UJ�b+ l'E �E ��&�+ ,�OO �E ��U��c& %�

%� ��� .�E 48 �+ 6��E ,6[ �E ��	 WU�� n	�e&	 N	cK� W�	

69+ ��R�E 4699+	6: ��UJ�+ l'E �E r��c& 4	��� .

jEME\E3$8 ,���� 9�V 9
�$;� �h� K

�KM��KNS l�	cb�	 O ��	 ��&�+ 45	6&	 �E ��RS 45	6&	 �F(& 

�b�	 �K`\bX ��b&�+ �bE ,�OO ��bRS 45	6b&	 l�	c�	 %9D� �E .�bE

 cbK& NS �E �	O VKL�9M�O��U�	 ,O�K& ��RS 45	6&	 l�	c�	 l�	cb�	 
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%� ������ ,	�E ��RS nY[ N��6&	 ����K4��E ��.KE ��AcE 
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و اندازهيسه مقادي مقا-13لكش حذيريگر محاسبه شده .ف آخال شده راندمان
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