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Abstract − Based on the differences in the magnetic susceptibility of materials, a down-flowing electromagnetic bed were

investigated for the separation between magnetic and non-magnetic fine powders in a pneumatic conveying system. A new

feeder which utilizes local fluidization and vibration was developed for conveying powders to the electromagnetic bed. The

performance of the feeder has been evaluated using pulverized coal of which average diameter is 52 µm and sieved coals which

were classified by size. Local fluidization and vibration were found to be effective to minimize interparticle adhesion forces.

As the gas velocity for local fluidization increased, the discharging rate increased only slightly when the gas velocity is below a

critical value with respect to particle size, but increased sharply when it is above the critical value. The discharging rate

increased with the increases in particle size, vibrating acceleration and gas velocity for local fluidization. In the test for elec-

tromagnetic separation, grinding dust(G/D) and shot dust were used as magnetic fine powders and pulverized coal and sand as

non-magnetic ones. Down-flowing annulus separator was found to be effective for continuous removal and recovery of mag-

netic and non-magnetic fine powders in a pneumatic conveying system. In the continuous operation, the formation of magnetic
chains in the core could be minimized by shortening on/off intervals of electromagnetic sets. As the magnetic field intensity, the

opening ratio in the core and the magnetic susceptibility increased, the removal efficiency of magnetic fine powders increased

while the recovery efficiency of non-magnetic fine powders decreased due to interparticle adhesion forces. 

Key words: Magnetic Separation, Magnetic, non-Magnetic, Fine Powders, Pneumatic Conveying, Magnetic Susceptibility,

Vibration, Fluidization
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654 ����������	
1. � �

���� ��� ��	
 ���(magnetic susceptibility)
 
��

���� ���� ��� ���
 �� �� 19���  ��!�

"#�$%. ���� %& '(	� )� *� +,-
 ./� ��

(0�� 1� 2��)'(3 45�� 1� 6�� '(3 �78��

��9:;�� <=�� �>, ?@, 
A@ ��B CD'E �� F

GH �'( ��(mineral beneficiation), I; J� *� �K'(, �

L �3 FG�� ;M� �N, �O
 PF �� �QR�S ��!

T *%[1]. ����� ��U� V�W XY Z� ���� %& �

�	
 �K2�[ +,-� \]"^ �� ��� �78�� ���

� ���,� �� ��� _`a� bc��� �c(magnetic forces)

b� Jc, K-c, d� e fgc �3 	 ; *%. 1h Pi�H

i��c �] j� �kc, 6lc �
 ��m 2n#��o ���

�� Xp3 qS W%. ����_ �78�� ��!� R`B� �

c� bc e �� 2nm
 r
 ,s% tNu ��_ _v�S W

%. ����Uw� xy!� +,-� z�� '((tails), 45W ��

'((mags) 1� z�� '(] ��'(
 +,'(middlings)
 {

|} 1� � |}� �}W%. ���� ��� CD'E ��'(3

FG�� z�� '(u3 ~� <=] %�
 ��'(3 45��

<=�� �S { �}� [���%. ���� Uw�� �.� �

'(] 0�� '(
 ��� �]8E ��V, ��V] ��V ��

*T, ���� �� 2�� '(3 ���� R`B� �� �c�

����� ��] j� 0��- �(ferromagnetic matrix) �3 ��

	� \]�� ��� ��h T�� ����(high gradient magnetic

separation, HGMS)_ ��!T *%[2, 3]. ��h HGMS� matrix 1

� steel wool3 ���� ��� T4o
 �L�B� �c��� l

���, matrix[ steel wool �� ��W ��-�  ¡8�� ��9

:;`N �� ��� ¢¡8E £¤� �¥%. HGMS
 �F¦E �

c��3 §¨��T, ��] z��
 +, �-��  ¢¡8�� �

���u3 ���� Rh Uw� �Jd i�� K©ª� F«W ¬

*%[4]. �Jd i�� K©ª� FG�­�B� �]8�au 2p�

L(up-flowing)�� ���, _®H ¯�-
 �L� ª Jg�B 2°

�� T-4o ±²XY] ³ �´�B �0�� 4µXYE core-ann-

ulus V¶� _aS W%[5]. Core-annulus �L3 _a� �Jd i�

� K©ª� ¯�-
 �0� 
h Y +, ��� Zd�B bd��

�� ¯�-·u ¸¹º, z�� ¯�-o »¼ [½� ¾2� ¿�[

S W%. 1h, 2}�L�B
 slip velocity� ��	
 À�c ���

 ¿��s% Á ��, ³ Â�B slip velocity_ §Ã_ !T, T-


4o��o ³ �´�� Ä;Å y��S Æ_�� .p3 sE%

[6, 7]. 2}�L
 K-Y>8 �F� `Ç�� R` §´�� _®-T

- 6À�� �0�L Uw_ ¦¦ ÈÉ3 qT *%[8]. ¯�-


Y +,3 ÊF�T, 5 <p
 ��� ¿P�S �­B cluster V�3

§¨��� <=�� �0�L(down-flowing) <=3 ��Ë ; *%

[9]. 6.<p
 T- ��� 2p�L� ³ Â�� Ä;Å a;8��

Æ_�� .p3 s�au, �0�L� 6.� Æ_Ë;Å ¿Ph T-

��3 _a� ³ Â�B Am Æ_�%_ Ì¨�� .p3 sE%.

1h ��	
 Í0¡o ��o G
 ¿P`aT[10, 11], 2}�Ls%

�0�L�B
 ÎÏ��� ÐÑ #��, T- ��� Ãh Xpo Á

8%[12]. ÒºB K-Y>8�� 2}�Ls% �0�L� �Jd �c

��� R`B Á K��%T Ó ; *%. 

¯�-� %Ô� xP�B i-8E xP
 �Õ��� ¯�-
 «

P8E xy ��� Òº ÇP!Ö� ¢¡8E ����� �� R`

Bo ×Ø «P8E ¯�-
 xyUw_ ���%. �.� � �-�

�Ù8 Uw �3 ���� zÚ8 ÛS xyË ; *�[, �.� ;

Ü Î��Ý ��_ !­ �� ��
 2n �k� 0`a­B À�-


 �� ��� E` «P8 xy� �¥S W%[13]. ��
 À��

ÃÞ8�� #��� van der Waals r� ��
 Jcs% �¸a�

ßÙ �.� ��
 àoH V2� Òº 
�_ *�[ A 40-70µm

� áâ¼ *%[14]. ¯�-
 «P8 xy3 R` syringe-type, �x,

�© �3 ��h ¯�-
 xyUw[15-18] �� *au x\8E �

F¦� À�c] �kc� � ¯�-
 ./ �ã!� ���B äå

a(bridge)� 
h xæ� ��­B ��	� mç8�� �ã!� ¦

�%. ÒºB ¯�-� èyé� *�B �Ç`N Ë �F� ¯�-


«P8E xy�%.

��, ê ¢��B� ¢¡8E ����� R` �©] ��8E K

©3 ��h ¯�- xy��] i�� K©ª3 �p?�� ë�h

���� Uw� F«�T, ¯�- xyUw
 £¤ì; Xp íî]

¯�- xyUw� ����Uw� 8��� ��] z�� +, ¯�

-
 �78E �� ï� e �� ¯�-
 FG� Ãh £¤ì;


Xp �3 TÏ�$%.

2. ���� 	 
�

2-1. ����

2-1-1. ̄ �-
 ¢¡8E xyUw

¯�-� xy��ð x\8E �F¦��� À�c] �kc� �

¯�-
 ./ �ã!� ���B äåa� 
h xæ� ��­B �

�	� mç8�� �ã!� ¦�%. �� æñ�T� Fig. 1�B s�

¬H j� ¯�-
 ØU£ ��� ¿P�S �©3 _�� ØU£ Z

Fig. 1. Conceptual illustration of air and powder flow.
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s

¯�-
 xæ3 ÊF�­B x�� 
` ��8�� K©!� ¯�O

3 xy"ò� ��[19]3 ël�� ¯�-
 �c��� 8��T�

�$%. ê ¢��B ��h xyUw� Fig. 2�B s� ¬H j� x

� K��, ¯�- ØU£, ¯�- �ã�, �©Uw, �ã� óP��

��!� *%. x� K��� x�J
 ô�� õ; FG�� Rh

��ö ÷ ø, �c £ù�, K� £ù�� !� *%. ¯�- ØU£

� Z. 5.5 cm
 ¸�ú d�� ¸û��3 üa¦
 Zý� 60oE

fþ ÿ��� �� �©Ë � ¯�-_ �ã� Jg�� ���oÅ

�$��, ��� fþ ÿ�
 üa¦���  34 cm� �$%. ̄ �-

�ã�� xy Uw�B _U J�h ����, �©� 
` fþ �

R� �0�� ��	3 ��8�� K©3 "^B �ã�S W%. �

©3 _�a �T x�u È��3 ./, ¯�-
 À�c ��� �

�	� Jc� 
`B �¢ �0�a �T äåa� V��S !�ð

� äåa
 V�3 ÊF�� R` ØU£� �©3 _�� <=3 7

�$%. �ã�� ¸�ú d�� F#W �Jd��, bd
 b.�

1.2 cm,Z.� 0.9 cm,Zd
 b.� 0.8 cm, Z.� 0.5 cm� !� *

%. �ãd� ØU£ ��
 fþ
 üa¦���  2 cm 2�� Rw

�oÅ �$%. ØU£ ��� �U� 
`B �©�� Uw� {�

ª i-� �©3 _�� <=3 ���$%. ê ¢�� ��W �©

Uw� �© _�Ù� 
h óP�B if Èí; 60 Hz� ����

8�E 480 Hz�a ¿P�S �©3 _Ë ; *���, �� �© Uw

� 
h _¡o
 QR� 15.7-29.7 m/s2��%.

2-1-2. �� e z�� ¯�-
 ¢¡8 ���� Uw

Fig. 3� �� e z�� +, ¯�-
 ¢¡8E ��� Rh �	

Uw
 ë
o�%. ���� ø, i��, ¯�- xy� e x� xy

�, ���Ý] bag filter� ��!� *%. ���� ø� �
h ¸

�ú d�� bd� Z. 10 cm, {� 1 cm, �� 124 cm, Zd� Z

. 7 cm, {� 0.3 cm, �� 124 cm� { ���� F#!�%. ��

x� e Jc� 
` ��] z�� +, ¯�-_ ��� Zó core

H �� ¯�-� ���� �ã�� annulus�� 7` ¢¡8 ��T

�78E ��� Rh ��%. Zd�� i��� Rwh ��� �.

� 2 mmE %;
 ��3 �� �� ��_ �c
 Xp3 q¸ core

��  annulus� �L3 _v�S �$%. ��B i��� Rwh �

�
 Zd �­8� Ãh 2 mm ��
 � ­8
 z�� P
W ë

��� 25%H 50%� �$%. z���� 2000E ¢�(mild steel, 0.2

C)� ���3 6,100: Ì¸B F#h i��3 Fig. 4H j� 180o�

B� ÎÈ s� V¶� 1��� �� 15 cm m��� 3 , � 6ë�

�w�$%. i��� leakage factor[20]_ �%T _P�$3 � ý

i��� i}_ 1-4 A� ��­ ª Jg
 �U0o� A 0.64-2.5

Fig. 2. Schematic diagram of experimental apparatus for feeding of fine
powders.
1. Compressor 6. Controller
2. Silica gel column 7. Feeder
3. Pressure regulator 8. Valve
4. Rotameter 9. Cyclone
5. Vibrator 10. Balance

Fig. 3. Schematic diagram of experimental apparatus for continuous
separation of magnetic and non-magnetic fine powders.
1. Silica gel column 8. Electromagnet
2. Pressure regulator 9. Distribution tube
3. Rotameter 10. Magnetic separation bed
4. Vibrator 11. Cyclone
5. Controller 12. Collector
6. Feeder 13. Bag filter
7. Conical discharger 14. Controller of electromagnet

Fig. 4. Separation principle of magnetic and non-magnetic fine pow-
ders in down-flowing electromagnetic separator.
HWAHAK KONGHAK Vol. 38, No. 5, October, 2000
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kOe Po_ W%. i}� 
` V�W i��� ����  � ��,

� �� i�� ��H { �� i�� ��� ýý Ò� on/off_ _

v�oÅ �$%. �� ��� ��W ��'(3 ���� R`B i

- i���B ��U� ¨�!a �T ýý Ò� ¨�!oÅ ��N

¢¡8�� ��_ _v`N �� ���%. ̄ �- xy��B xyW

��] z�� ¯�-� x�H j� �� ø 2�� Rwh �. 2

cmE  ¿ ��� 
`B ��W%. ��W ��] z�� +, ¯�

-J �� ¯�-� annulus� ��!� ��Uw ��� 45W%. h

� core� � �� z�� ¯�-� üa¦
 Zý� 60oE fþ ÿ

�
 �ã d3 \` ¢¡8�� �ã!� _®H é� [_� ¿�

z�� ̄ �-	� �� ���Ý] bag filter�B ��W%. 

2-2. �� � �	

�	� ��h �� ¯�-�� C ï;0 :���  xyW G/D

(grinding dust)H shot ��3 ���$%. �� e z�� ¯�-�

Fig. 5�B s� ¬H j� �.��� _a�, G/D
 !"�.� 21

µm, shot ��
 !"�.� 87µm��%. z�� ¯�-�� !"�

.� 52µmE ¯�O] !"�.� 106µmE ÿ#� ýý ¿Pz�

� �� ¯�-H +,�� ���$%. ¯�O
 �� ào� 1.4 g/

cm3, ÿ#� 2.6 g/cm3, G/D� 3.51 g/cm3, shot ��� 6.63 g/cm3��

%. �� ¯�-E G/D, shot ��
 �U0o� Ãh �� Po� Fig.

6�B s� ¬H j� shot ��� G/Ds% �� ��� [$%%.

2-3. ��
�

2-3-1. ̄ �-
 ¢¡8E xyUw

Þ�-� ���� ~45, 45-106, 106-150, 150-212µm�� �yh �

O] F�¨�B ��!� !" �.� 52µmE ¯�O3 ���� ¯

�-
 ¢¡ xyUw�&
 8� _v�] £¤ì;� Ãh ï�3 �

	3 \` £��$%. 400 g('�ª ��: A 26 cm)
 ¯�O3 ØU£

2�� *� (ä� \`B È��T, ) �	�B xæ
 ½
� *�

� R`B �©3 È� j� ��� £P�$%. ¿Ph �©3 ØU£

��� � 2¶�B ��ö ÷ ø] ½¿ �]�� \  ̀ô� e �L

3 FGh x�� ØU£ Z�� *� �Jd
 annulus ��� ¿P¡

o� xy�$%. fþ ÿ�
 ���B ¯�O3 ��8�� K©"^

x�H é� �ã!oÅ �T, �ãW ¯�O3 Ø+ R� �wW ��

�Ý�� ��] ©"� (�3 óP�� �ã¡o� Ù��$%. 

2-3-2. �� e z�� ¯�-
 ¢¡8 ���� Uw

�� e z�� ¯�-� �� ��ø 2�� Rwh  ¿ ��3

\` xy3 �$%. �� ��� ¢¡8�� on/off"ò­B �� e

z�� ¯�-� ¿Ph "m©« ��h µ, ×Ø xyUw�B ¯�

-
 xy3 J h µ, �� ��ø
 Z�� ,� ¯�-	� 58

!a �oÅ x�u3 A 3� ©« xyh µ ���Ý] bag filter�

��W ¯�-H annulus� ��W ¯�-	
 -S� óP�$%. �

�W ¯�- Z� �éW �� ¯�-
 ��3 X-� :ù ��� 


h .� /�] zÚ�� ���� �� ¯�-
 FG�] z�� ¯

�-
 :;�� ýý ? (1)] (2)� 
` ��$%.

(1)

(2)

ηm=
f i,m fo,m–

f i,m

-------------------- 100×

ηnm=
f i,nm fo,nm–

f i,nm

------------------------- 100×

Fig. 5. Particle size distribution of magnetic and non-magnetic fine pow-
ders.

Fig. 6. Magnetization curves of magnetic fine powders.

Fig. 7. Cumulative mass of discharged coal vs. operating time with
respect to size range of coal powders.
���� �38� �5� 2000� 10�
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3. �
 	 ��

3-1. �
�� ���� ����

3-1-1. �O
 �.� Ò& �ãï�

Fig. 7� ���� è�!� ¯�O(0.3-300µm, =52µm)] � ¯

�O3 �.�� �yh �O3 £¤"m� Ò& �ã 08�
 ì�

� [$1 Ç]�%. �©Uw
 �© _¡o� 25.44 m/s2, annulus�

B
 xø_®K¡� 11.36 Nm/s�� �$%. !"�. 52µm
 ¯�

O
 |2¡o� �Ý?�� Ù�h 3� A 0.09 Nm/s Po�%[21].

�ãd
 core�B xø _®K¡� A 7.7 Nm/s��, �H j� K¡

£4�B� 56(chocking)] 7�8(slugging)� dÏ!a �9%. ØU

£Z �O -S
 Xp3 *�� R`B 400 g�� ¿P�S ����

�	3 �$�ð, �.�� "m� Òº ¿Ph ¡o� �ã!��� �

.� �;Å �ã¡o_ Æ_�� .p3 s$%. 2Ã8�� �o ��

_ :� ¯�O(A 0.3-300µm)
 ./�o £¤"m
 .]� Òº ¿

Ph ¡o� �ã!�%. �.� �;Å ;� �ã!� �� �.� �

;Å �� 2nm
 �kc� Ì¨!T �� Òº ��8E K©] �

©� 
h ��
 G©� f<�� ���%. � Ç]� 
�­ ¯�-

� xy��ð *� �©] ��8E K©� �� 2nm �kc] ä

åa V�3 §¨���ð J�h YË3 ��, �H j� ¦3 ��h

ê xyUw_ ̄ �-� xy��ð 8,�%T = !�%.

3-1-2. ��8E K©�� Rh xø _®K¡
 Xp

Fig. 8� �© _¡o� 25.44 m/s2� ¿P�S Kah 2¶�B 10

� ©« �	3 ��, �ã¡o� Ãh �� K©� _®K¡
 Xp

3 �.�� [$1 Ç]�%. Annulus�B
 xø _®K¡
 Æ_�

Òº �ã¡o_ >u�S Æ_�� XY] y��S Æ_�� XY�

� �S { XY�� [$%%. �� 2Ã8�� K¡� �� XY�

B� �� 2nm
 �kc� K©� _®� 
h rs% �S #��

T, K¡� �� XY�B� �� 2nm
 #�cs% K©� _®�


h r� Á �S #��� ���� �?W%. ¯�-� �ã��

R`B� ��m 2n #�cs% �©c] K-c� Á tN ��ð,

�.� #3;Å ��m 2n #�c� ta�� ¿Ph �©c ��

B� K-c3 Æ_"^N h%. ÒºB { XY
 .Ù¦E ßÙ _

®K¡� �.
 Ì¨� Òº Æ_�� .p3 s$%.

3-1-3. �©_¡o
 Xp

Fig. 9� �� K©�� Rh annulus�B
 xø _®K¡3 11.36

Nm/s, �ã"m3 10��� h £4�B �ã¡o� Ãh �©_¡o


 Xp3 [$1 Ç]�%. �© _¡o_ Æ_é� Òº ¯�O]

�yh ¯�O
 �ã¡o_ ÿ{_ >u�S Æ_�� .p3 s$%.

�©3 Èa �T �� K©� _®u3 ���$3 ./�� @��

� �ã!au, A 1� Po .] µ�� �ã!a �9%. �� ØU

£
 ¯�O� äåa� V��S !� �ãd ��� Zâ½a ��

���%. ê �	�B ��h �©Uw� 60 Hz� ¿Ph Èí; �

�B, �ã¡o� Ãh �©_¡o
 Xpc� �� K©�� Rh x

ø _®K¡s% A�au äåa V�3 ÊF�T V�W äåa�

A�ð J�h YË3 �� ��� = !�%.

3-2. �	 � ��	 �
�� ��� �	
� ��

3-2-1. i�� ��
 on/off "m
 Xp

dp

Fig. 8. Effect of superficial gas velocity in the annulus on the discharg-
ing rate with respect to size range of coal powders.

Fig. 9. Effect of vibrating acceleration on the discharging rate with
respect to size range of coal powders.

Fig. 10. Effect of on/off-time intervals of electromagnetic sets on removal
efficiency of magnetic fine powders.
HWAHAK KONGHAK Vol. 38, No. 5, October, 2000
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.

Fig. 10� 3 �� �wW i��
 on/off "m� Ò& �� ¯�-


 FG� ì�� [$1 Ç]�%. �� ¯�-�� G/DH shot ��

3  ¿ ���� ���$��, xø _®K¡� 0.31 Nm/s, ý i�

�� 
h �U0o� 2.54 kOe, core�B
 ë��� 25%� �$%.

G/D e shot �� ÿ{ i�� ��� on/off� �a �T Ù¡ ��

U3 È�3 ./ B, on/off "m� -hÃ(C)� z¢¡ £¤E ./

�� �� ¯�- FG�� A 50% Po D� !a �9%. �� "

m
 .]� Òº �� ��ø
 6.<p(�c� <p)�� �� ¯�

-
 �7� V�!­B Zd�B bd�� �� ¯�-
 �L� <

`qT, 1h zë�­
 Zó� ¿� ����	� E�*� ¾2�

¿�[� ���� = W%. h� ��U3 � �� e � ��  ]

{ ��  
 i��3 �Ä¸ _­B on/off"F3 ./�� ����

�B �� ¯�-
 �7 V�3 ÊFË ·u ¸¹º ¢¡8E £¤o

_v̀ �%. On/off"m� 1@¿ � shot�� ./�� FG�� A 50%

�B A 80%Po� 2°�$T, G/D ./�� A 70% Po� Æ_�

� .p3 s$%. On/off "m� Æ_Ë ./�� �� ¯�-
 �

7 V�� core���a ¢UW%. �0�� �� ¯�-� �U� 


` _¡o_ E� ��� zë�­� V�W �73 GH [_S ��

¾2o @#h%. ÒºB on/off "m� �;Å FG��� Ì¨��

.p3 s$%. Shot ���B Á �� FG�3 s�� �� �U0

o_ 2.4 kOe¿ � shot ��
 (� ���� G/D s% A 1.5� �

3 · ¸¹º, ? (3)�B s� ¬H j� x<p�� #��� ��c

(Fm)� ��
 ���(χ)] �I(v)� zJ��ð[2], !" �.�Bo

shot ��� Á �� ���%.

(3)

3-2-2. �� ̄ �-
 +,z� Ò& Xp

Fig. 11� �� ̄ �- +,z� Ò& �� ̄ �-
 FG�] ̄ �O


:;�3 [$1 ��%. �U0o� 2.5 kOe, xø _®K¡� 0.31 Nm/

s, core�B
 ë��� 25%, on/off "m� 1@� �$%. G/D, shot �

� ÿ{ +,z_ Æ_é� ÒºB �� ¯�-
 FG�� 2°�� .

p3 s$%. �� ̄ �-
 +,z_ #3 ./� z�� ¯�-E ¯�

O� �� ̄ �-� �k!� D;h �� ̄ �-
 ���s% Ì¨�S

!T, �U
 Xp3 q¸ annulus� »¼[_�ð *�B ¯�O
 �L

�� <`q� ���º = !�, +,z� Æ_"F3 ./�� ̄ �O


 Ì¨� E`B �� ¯�- FG�� Æ_K3 á ; *%. �� ¯

�-u3 ��ø�� \]"F3 �� G/D, shot ��
 FG�� A 75-

82% Po� s$�ð �� �U
 Xp3 q� zë��� 75%���

�� ¯�-_ core
 b³� E�B annulus� »¼ [½a L�� �

��%. ¯�O
 :;�� G/D, shot ��
 FG�� 2°é� ÒºB

6Ã� Am Ì¨�� .p3 s$%. �� ¯�-_ core� »¼ [M

� ¯�O� �k!� [½� ��� �� ¯�-
 FG�� �3;Å

z�� ¯�-
 :;�� Ì¨�$%. G/D� shot ��s% ����

�3 ·u ¸¹º, !"�.�Bo #��� ¯�- 2nm
 �kc�

Á �S #��� FG�� �¸a� .p3 s$%.

3-2-3. xø _®K¡
 Xp

�� ��ø Z
 �� ¯�-� #��� bc��� �S ? (3)


��cb� Jc] Nc3 	 ; *�ð �	� ýý ? (4) e (5)�

P
W%.

(4)

(5)

? (6)�B s� ¬H j� �� ¯�-� #��� ��c(Fm)� Nc

] Jc�� V�!� 6Ã!� r	
 ,, B Fg+FDs% tNu �

� ¯�-_ core�B annulus� »¼[½S W%.

(6)

Jc] ��c� _®K¡� dÙ�� ¯�- '�� Òº ÇP!au

Nc� ¯�- '�·u ¸¹º, _®K¡
 FO� zJh%. Fig. 12

� shot ��� 10% +,W ¯�-� *�B xø _®K¡
 Xp3

[$1 Ç]�%. 2Ã8�� �� �U0o(2.54 kOe)¿ �� xø _

®K¡� Æ_é� Òº shot ��
 FG�� Am Ì¨�$��, �

� �U0o¿ �� FG�� Á �S Ì¨�� .p3 s$%. xø

_®K¡� Æ_�­ Nc� Æ_�S !� �U� ¯w� XY�B

-}"m� Ì¨�S W%. �0�L
 ./�� xø _®K¡
 Æ_

� ÒºB �� ��ø Z 6.<p
 4o ��� core Z³�B Æ

_�S !T, ��_ q� ��c� 6.<p
 G�� zJ�� ��

Fm=v χp χm–( )H r( )dB r( )
dx

--------------

Fg=
4
3
---πb3 ρp ρf–( )g

FD=
CDU2ρfAp

2
-------------------------

Fm
mag( ) Fg FD+( ) mag( )>

Fig. 11. Effect of magnetic fraction in the admixture on removal and
recovery efficiencies of magnetic and non-magnetic fine pow-
ders respectively.

Fig. 12. Effect of superficial gas velocity on removal and recovery effi-
ciencies of magnetic and non-magnetic fine powers respectively
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� �
��� ���� ���� 659

-

� ��c� Á taS W%. ÒºB b��U� �;Å �� ¯�-


 FG�� Ãh xø _®K¡
 Xp� A`aS W%.

3-2-4. xy¡o
 Xp

Fig. 13� G/D, shot��� ýý 10%+,W ̄ �-�B ë�� 25%, x

ø _®K¡ 0.31 Nm/s, �U0o 2.54 kOe, i�� ��
 on/off "m3

1@� �$3 � �� ̄ �-
 FG�] z�� ̄ �-
 :;�� Ãh

 ¿ ����  ��!� +, ̄ �-
 xy¡o
 Xp3 [$1 Ç]

�%. G/D, shot �� ÿ{ xy¡o� � Xp �� ¿Ph �� ¯�-


 FG��] ¯�O
 :;�3 s$%. � Ç]� 
�­ ê ����

Uw� ê �	 £4 Z�B xy¡o
 ì©� P ÃMË ; *� M�

¡o
 F�� Oc8�� £¤Ë ; *%T = W%. xy¡o_ �S

Æ_!­ ��� ��!� �� ¯�-
 �� Æ_!­B �� ¯�-

�7
 Q�_ core
 ë��3 R3 ; *�ð � ./ i��
 on/off

"m3 8ST £ù` È�N h%. ê �	
 £4�B on/off "m3 1

@� �$3 ./�� annulus�B �7
 �F� ¿�[a �9%.

3-2-5. z�� �-
 Xp

Fig. 14� z�� �-�� !" �.� 52µmE ¯�O] !" �.

� 106µmE ÿ#� ýý shot ��3 10% +,h ¯�-� Ã`B

xø _®K¡3 0.31 Nm/s, core�B ë��3 25%� �$3 � �U

0o� Ò& �� ¯�-
 FG�] z�� ¯�-
 :;�
 ì��

Ãh z�� �-
 '� Xp3 ê ��%. Shot ��
 FG�� *

�B ¯�O] +,�$3 � s% ÿ#� +,�$3 � Á �� FG

�3 s$%. z�� �-
 :;�o ̄ �Os% ÿ#� +,�$3 �

Á �� .p3 s$%. s\ 40-70µm ��
 ¯�-	� �� 2n

m
 �kc� �S #��S !�ð ê �	�B ��h ¯�O
 !

"�.� 52µm��� �kc� �S #��� XY� *T, !"�.

� 87µmE shot ��� 2Ã8�� �kc� #%. 6­� ÿ#� !

"�.� 106µm��� ÿ#m
 �kc� #3 · ¸¹º, shot ��

]
 �kco ̄ �O
 ./s% 2Ã8�� #S #��S W%. �-

m
 �kc� #� ÿ#� shot ��� core� »¼[M � G
 ©6

!a �� ��� z�� �-
 :;�� A 99% �2�� �� :;

�3 s$%. ��[ ¯�O� �- 2nm
 �� �kc� 
` shot

��
 FG�� �¸(;Å :;�� Ì¨!� .p3 s$%.

3-2-6. Core�B ë��
 Xp

�� ¯�-_ �U
 Xp3 q¸ core�B annulus� »¼[½�

R`B� Z. 2 mm
 ��3 \]��ð ��] ������ zë

�­�  U�S W%. � ���o �U� ¯w�� �� ¯�-


¿�_ E� *%_ i��� on/off!� oJ� annulus� [½a L

�T z�� ¯�-H j� �� ��ø3 �Ã� \]�S W%. i

��� *� core ��
 ë��3 25%�B 50%� ¬VT, shot �

�3 10% +,h ¯�-� xø _®K¡3 0.31 Nm/s, on/off "m

m�3 1@� �� �U0o� Ò& shot ��
 FG�] ¯�O


:;�
 ì�� [$1 �� Fig. 15�%. ë��� 25% s% 50%

¿ ./� shot ��
 FG�� Á �� .p3 s$%. zë�­�

E�*� �� ¯�-	� b��U� *3 ./� ��_ !� #�

�� ¯�-_ !� "m� aW;Å �c� <p�� �7
 Q�_

Æ_�S W%. �� ¯�-
 �7� �� ��ø 2��B xy!�

�� ¯�-	� �U
 Xp3 q¸ ë���� »a� �3 <`�

Fig. 13. Effect of feeding rate on removal and recovery efficiencies of
magnetic and non-magnetic fine powders respectively.

Fig. 14. Effect of magnetic field intensity on removal and recovery effi-
ciencies of magnetic and non-magnetic fine powders, respec-
tively, with respect to non-magnetic fine powders.

Fig. 15. Effect of magnetic field intensity on removal and recovery effi-
ciencies of magnetic and non-magnetic fine powders, respec
tively, with respect to open ratio in the core.
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660 ����������	

ld

s.,

.:

l

s,
� YË3 �� ��� FG�
 Ø�� @#h%. ���� ë��


Æ_� �� ¯�-
 �7 �F� Ì¨"X ; *%T = W%. Fig.

15�B s� ¬H j� ë��3 25%�B 50%� Æ_!­B A 5-

20% Po� �� ¯�-
 FG� Æ_� s$%. 6­� �� ¯�-


 FG�� Æ_!­B �� ¯�-� ¯�O
 �k] ë��
 Æ

_� E` ¨�
 ¯�O� core� »¼[½� ��� ¯�O
 :;

�� 2Ã8�� Ì¨!��ð �� �(8 £¤�B� .F�] ��


 d¦�B )/ J�h �N�%. 

4. � �

�©] ��8E K©3 ��h ¯�- xy��] �� e z��

¯�-� ¢¡8�� ��9:;�� Rh ����Uw�& �p�L

3 _a� �Jd? ���� "®Y
 8�_v�3 ZE�T� h

ê ¢��B ~�� ÇÝ� %[] j%.

¯�- xyï��B�

(1) ¯�-� xy��ð *� �©] ��8E K©� �� 2nm

�kc] äåa V�3 §¨���ð J�h YË3 �$��,

(2) �� K©�� Rh xø _®K¡
 Æ_� Òº ¯�-
 �.

�� �ã¡o_ ¾ØT Æ_!� "#�� ßÙ _®K¡� [$%��,

(3) ̄ �- xyUw� ¯�-
 �.� �;Å, �©_¡oH ��K

©� _®K¡� Æ_Ë;Å �ã¡o_ Æ_K3 ZE�$%.

���� ï��B�

(1) �0�L3 _a� �Jd? ���� "®Y�B i�� ���

on/off é��& ¢¡8�� �� e z�� ¯�-� ��9:;Ë ;

*���,

(2) ̄ �-
 �� 2nm
 #�c� ���-
 FG e z�� �

-
 :;�B J�h YË3 ��,

(3) ���-
 +,z, ���, i��
 �U��_ �3;Å ��

¯�-
 FG�� Æ_�au, z�� ¯�-
 :;�� Ì¨K3 Z

E�$%.

ê �� e z�� ¯�-
 ��Uw� ¯�O
 xy��B \]9

\:H F� xP
 �� �ã� ��B � ��
 ��9:;H j�

�f �^��_ �� K��S ��` ; *%T = W%.

� �

ê ¢�� ha>��bU 
 97co >�¢�£�z d�Ú;]F

� ;e!���, �� dÙ� ���� Ì��f¹%. 

����

Ap : cross-sectional area of particle [m2]

B : magnetic induction [T] 

b : radius of particle [m] 

CD : drag coefficient [-]

FD : drag forece [N]

Fg : gravity force [N] 

Fm : magnetic force [N]

fi,m : magnetic fraction in influent powders [-]

fo,m : magnetic fraction in effluent powders [-] 

fi,nm : non-magnetic fraction in influent powders [-]

fo,nm : non-magnetic fraction in effluent powders [-] 

g : acceleration of gravity [m/s2] 

H : total magnetic field strength acting on particle [A/m]

M : magnetization of the particle [A/m]

r : a point within the particle having volume v [m]

U : superficial gas velocity [Nm/s]

x : x-component of the force due to the x-component of the fie

gradient [m]

ηm : removal efficiency of magnetic powders [%]

ηnm : recovery efficiency of non-magnetic powders [%]

v : volume of particle [m3]

ρf : fluid density [kg/m3]

ρp : particle density [kg/m3]

χm : volume susceptibility of media [-]

χp : volume susceptibility of the particle [-]
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