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Abstract − To interpret the effects of agitation speed and temperature on the minimum fluidization velocity, bed and distri-

butor pressure drop and pressure fluctuation signal have been measured in a high temperature mechanically agitated fluidized

bed(0.05 m i.d. and 1.31 m high) using bentonite(mean particle diameter: 3.7µm, apparent density: 1,681 kg/m3) as bed mate-

rial. Fluidization of very fine cohesive powder is possible if mechanical energy is introduced into the bed by agitation. Mea-

sured minimum channeling velocity and minimum fluidization velocity increased with increasing bed temperature, however,

increased after an initial decrease with increasing agitation speed. The empirical correlation, considering the temperature effect
but no effects of agglomerate size and density, on the minimum fluidization velocity of cohesive particles has been proposed on

the basis of the experimental data of present study.
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� �� � ��! "#$% �&' ()* +,� -�
. %/0

% �&1 Geldart �2 C ��3� 4$� � ��� 56�� ()

7 �,! (8$
 9:% � ��� ��; <(interparticle force)�

�= ����(agglomerate). +�09 >?��@ 56A� BC D

EF G�H 1IJ', ()7 
K. %K*� L M�&N O6P Q

�.� RST(channeling) U�� VW$� X Y Z[\]� U^_

^$0% ()7 �,! (8` D a� bc� �
 de� ()7�

�� f�� gL0% �� h��B[1].

� ��� 56 %i�� 
Kcj� k7A lm %Kno� Zp

q r� 7Fq �[� k7� �= st()74j� uv� 9/6

' (4H wx (8=j ()7. �y988 z� defluidization U�

� @9{B. ��L U�|� �= Geldart �2 C ��3� 4$� �

 ��� ()7G�} Geldart �2 A, B, D ��A� BC 5~H 1

I�B. $8� 8��8 st()74j� �L �� kD|� �~�

�L �%|} �N Geldart �2 A, B, D ��3� �= Vn09 �

&' C ��3� st()74j� �L ��� �N ()7�,� >
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���� �L >�q� t>1 ����� �
� �L ��[2-5]|�

��q&N �y9� �B. � ��� ��G�� �~H �O� ��

��� DEFq <(hydrodynamic force) �B� ��;� <�' ��

L ��;� <H uv$% =�$��� �} 9/�� �CB[6]. @

-q&N � ��� ��;� <} �N -��V� <, �\
, � 

� <(capillary force), ��no� �9��1  q�p� �,, ¡¢£

L ���¤ 
� �= �
0� ¥&N �%0% �B[1]. ��L ��

;� <� �= � ��� 56 b¦_ ���
� �= uv� st

()74j �j� (§&N� ()7. 9/6' �6 w} (4��

()7. �y98�1 RS(channel) r� ¨�©. +�09 ()7

. 9/ª8
j LB. Nezzal 
[7]} � ��� ()7�,! ��

$
 «= FI(fluidization index)A QF(fluidization quality)! B¬� ­ (1)

� (2)A ®� ��$¯&' FIA QF� �° ()7�,! Table 1�

®�   .8N ��$¯B.

FI= (1)

QF= (2)

±�© r� RS� +� a� ²³$x ()7! �y
 «= 8�

�8 �� .8 ��� g´09�&' Table 2� µ¶09 �B. Nezzal


[8], Kuipers 
[9], Park 
[10], Tsujimoto 
[11]} ()* JM� 


3q&N ·\$� ¸-
! ¹O$� ¸-º� �L »g¸-&N �

 ��! ()7¼½&', Marco 
[12], Noda 
[13], Mawatari 
[14],

Wank 
[15]} ()*� 
3q� ¾)H .$� ��H, Morse[16],

Nowak� Hasatani[17], LeuA Huang[1]} ¬¿� �L ¾)H .$�

��H, DuttaA Dullea[18], Lauga 
[19], Chirone 
[20, 21], Nowak


[22], Li 
[13], Wang[24], BrooksA Fitzgerald[25], Kato 
[26], Zhou

A Li[5]� � ��. À\� ()*� �j. BC ��! Á.$�

��H f�$¯B. rL Park 
[27]} �ÂÃ� ��0� 
K���

� +�� �~H k7¼Ä A2� �= RS� +�H Å�� ��H

f�$
j $¯B.

� ��� st()74j� �O� ij� �~� �L Æ�N

Chaouki 
[2]� �%�� 140oC�� v�L st()74j. 100oC

�� v�L Ç� È= �x 1IÉ&1 ijk7 Ê«. Ë% hÌ�

Í. gLq�B. � ��� st()74j� �O� ¸-4j� �

~� �= Park 
[10]} ¸-4j. Î.l� �° st()74j.

ÏtL Ð B¼ Î.$� 5~H 1IJ� ¥&N �%$¯&' Nezzal


[8]j 100 rpm ����� ¸-4j. Î.=j ()7 �,. >�

08 z� ¥&N �%$¯B. $8� ©|� �%��� hÌÆ��

�L ÑÒL ÓÑ� MÔ$¯B.


Õ� ��|H Ö×q&N %/$o �M�� ��|� �i��

DØ09 � ��� ()7G�� �O� ij� �~� �L hÌ�

Í. MÔL h��' 
3q� ¸-
! f�L 56� ¸-4j� �

~� �L Ù.q� hÌ�ÍA lm ÑÒL =�� ÚµL h��B.

Û ����� Geldart �2 C ��3� ()7G�� �O� ̧ -4

jA ij� �~H ÜÝ�
 «= 
3q ¸-
. ÓO� %i()

*H ��$� ̧ -4j! 0-60 rpm, ij! 25-800oC�8 k7¼Þo

� * Y �ÂÃ� ßE»$! v�$¯B.

2. � �

Fig. 1} Û hÌ� f�� %i¸-()*H 1IJ% �B. ()*

} J5 0.05 m, àm 0.003 m� �á�â� �ã(SUS 310)N gä$

¯&', w� 0.165 m, 0.695 m, 0.445 m� b�H ±å8N �Æ$�

æ w� 1.305 m. 0jç $¯B. ()7 
K� .��èN ���

[§(§3(MFC)! é= plenum� «OL Dê�(0.013 m I.D.)&N

��$¯B. 
K�ë
(distributor)� ì5 0.5 mm� �í� fîïO

N 12> ð/�� B�Ã(perforated plate)H f�$¯&' ��� é�

! �8$
 «= K(ASTM 200 mesh)! ñòB. 
Kó��� ëó�


K� Úè! �P� �
N ëó0ôB. ()* JM� ¸-H «=


3q ¸-
(mechanical agitator)! ÓO$¯B. ¸-H «L �è�

1/4õE, ö��èN 10 : 1� Ï4
! f�$¯B. ̧ -º� +,� Fig.

2� 1IJô&' �ÂÃ&NMè w� 0.03, 0.08, 0.13, 0.18, 0.23 m

w�� æ 5>! ÓO$¯&' * ÷�� ;ø} 3 mm �JN ÓO$

¯B. ¸-
� ·\4j(rpm)� tachometer� �= v�0ô&' rpm

Umf computed from mean particle diameter
measured Umf

bed pressure drop
bed weight per unit surface

Table 1. Bed behavior with variations of fluidization index and fluidization quality[7]

FI QF Bed behavior

0.8<FI<1 0.7<QF<1 -Homogeneous fluidization of individual particles
FI<<1 0.8<QF<1 -Fluidization of agglomerates 

-Measured Umf  much higher than calculated value
-At low velocity, channeling may occur

Very small Very small -Not fluidizable due to channeling or slugging
-Pressure profiles are random
-Bed is not expanding

Table 2. Summary of previous studies on fluidization methods of cohesive
particles

Fluidization methods Authors

Mechanical agitation Nezzal et al.[8]
Kuipers et al.[9]
Park et al.[10]
Tsujimoto et al.[11]

Mechanical vibration Marco et al.[12]
Noda et al.[13]
Mawatari et al.[14]
Wank et al.[15]

Acoustic vibration Morse[16]
Nowak and Hasatani[17]
Leu and Huang[1]

Addition of fluidization aid Dutta and Dullea[18]
Lauga et al.[19]
Chirone et al.[20, 21]
Nowak et al.[22]
Li et al.[23]
Wang[24]
Brooks and Fitzgerald[25]
Kato et al.[26]
Zhou and Li[5]

Adjust bed geometry Park et al.[27]
���� �40� �2� 2002� 4�
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controllerA indicatorN �ù Y v�$¯B. * .X¹O� �§ 4.5 kW

� ²é+ �ú_è! f�$¯&' K-type X\�A heater controller�

�= �ù$¯B. ()* JM� ijA ßE} �ÂÃ&NMè −0.045,

0.045, 0.315, 0.635, 1.04 m� ÓOL X\�A ßEûH ��$� v

�$¯B. �ÂÃ� ßE»$� �ÂÃ $M −0.045 mA �ÂÃ �M

0.045 m� «OL ßEûH Zõü�èA �Æ$� v�$¯&' *�

ßE»$� �ÂÃ&NMè 0.045 mA 0.64 m� «OL ßEûH Z õ

ü�è Y ýß+ ßEkþ
(Validyne, Model P24D)! ��$� v�

$¯B. ýß+ ßEkþ
� �= v�� ßEµ)ÿ�� \ß(−5~

+5V)-¼; ÿ�N ��9 �ÍD�3(data acquisition system, Real Time

Devices Inc., Model AD2110)! �P� PC� ^¹$¯B. î hÌ��

�� ßEÿ�� �� 100>� ÿ�(100 Hz)! 100�; v�$¯B.

hÌ� f�L ��� ��� ��1�	(bentonite) ��N�, ê


�5 3.7µm, ���j 1,681 kg/m3&N Geldart �2 C ��3� 4$

¯B.

� ��� st()74j! v�$
 «= %�* w� 0.2 mN �

�! R6% ()*� ijA ¸-4j! ²$� ��&N (8$o�

*� ßEµ)� ¢£q� 5~H �@ d! ���,N ;�$� Z

õü�èA ýß+ ßEkþ
! ��$� �ÂÃ� *� ßE»$!

v�$¯B. RS� +� �M! Ò�$% �EU�(hysteresis)H ��

$
 «= ()74j! Î.¼Þ� 56A Ït¼Þ� 56! �à h

Ì$¯B. hÌkDN� ¸-4j(0, 15, 30, 45, 60 rpm)A ij(25, 245,

400, 600, 800oC)! %/$¯B.

3. �� 	 
�

3-1. �������

Fig. 3} 25oC�� ¸-
! ä)¼Þ8 z} �,�� (4H Î.

¼Þ� 56A Ït¼Þ� 56� (4k7� �C *� �ÂÃ� ß

E»$ k7! 1IJ% �B. ©
� 1I{ �A ®� (4� Î.l

� �° �ÂÃ� *� ßE»$. 34q&N Î.L Ð �� (4�

j]$o *� ßE»$. #ø_ Ït$� 5~H 1IJôB. �A

Fig. 1. Schematic diagram of experimental apparatus.
1. Air compressor 17. Electric heater
2. Mass flow controller 18. Heater controller
3. Preheater 19. Differential pressure transducer
4. Fluidized bed 10. Personal computer
5. Variable speed motor 11. Temperature indicator
6. rpm controller & indicator

Fig. 2. Detailed dimensions of blade.

Fig. 3. Bed and distributor pressure drop versus gas velocity(without mechan-
ical agitation).
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002
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��������
®} 5~} *� ()7�,� j]$¯B
 �B� %K*� RS�

+�09 ��� 
K� �M�� RSH é= é�$
 de� ßE

»$. #ø_ Ït$� ¥&N fÍ0ôB. hg hÌ�� ¼;k7�

�C ßEµ)ÿ�� k7! ��$o @�(4�� �
�� @�L

ßE»$ ÇH 1IJB. 9� ¦;Mè ßE� #ø_ Ït$� U

�H 1IJôB. �A ®} U�} �MN %K*H �9�p� 
K

. �� ¦;Mè %K*H ð% *J� L M�&N O6P ��� R

ST� VW$
 de&N fÍ0ôB. �A ®� ¸-
! ä)$8

zH d RST� VW$� ¥H Ò�$
 «= �ÑL ���N gä

� ì5 0.1 m� �i()*�� ®} ��! f�$� ¼îq&N �

�$¯&' RST� VWH Ò�` D �ôB. Û ����� ¸-


! ä)¼Þ8 zH d *� ßE»$. s�ÇH 1IJ� (4H R

ST� ¼ä0� (4&N ;�$� stRST4j(Uch)N ��$¯B.

Û ���� ¸-H $8 z} 56�� �� ij�� �A ®} RS

T U�� @9ÉB.

Fig. 3(a)A (b)! È¸$o Fig. 3(b)� 1I{ �ÂÃ ßE»$Ç} s

tRST4j M��� k7. È¸q q} -o *ßE»$� 56�

� 0 .�� Ït$� ¥&N �y9 RST� VW$� ¥H �Ñ$

x 1IJ� ¥&N fÍ0ôB. L� RS� +�� Ð (4H Ït¼

Þ� 56� *� ßE»$� Fig. 3(a)� 1I{ �A ®� RS� +

�0
 \� ßE»$ Ç&N ·�08 �$% È¸q �} ÇH (8

$B. (4� 34q&N Ït$o õ��h(friction loss)� Ït� �

= Ït$� 5~H 1IJôB.

3-2. ���	
��

Fig. 4� *ij 25oC, ̧ -4j 60 rpm�� (4H Î.¼Þ� 56

A Ït¼Þ� 56� (4k7� �C *� �ÂÃ� ßE»$ k7

! 1IJ% �B. ©
� 1I{ �A ®� (4� Î.l� �° *

� ßE»$. 34q&N Î.L Ð �� (4� j]$o *� ßE

»$. Bt ÏtL Ð @�L ÇH 1IJ� @-q� 5~H 1IJ

ôB. 
Õ� ��|� õ�.8N Û ����� *� ßE»$. s

�ÇH 1IJ� (4H st()74jN Æ�$¯B. L�, (4H Ï

t¼Þ� 56�� �EU�� �= (4H Î.¼Þ� 56A ®�,

* ßE»$. s�ÇH 1IJ8� zò&' (4H Î.¼Þ� 56

� v�� st()74j Ç�B �} (4��Mè (4� Ïtl�

�° *� ßE»$. Ït$� @-q� 5~H 1IJôB. rL Fig.

4(a)A Fig. 3(a)! È¸$o, Fig. 4(a)� n¼� st()74j �Ð�

ßE»$ Ït� Fig. 3(a)� 1I{ stRST4j �Ð� ßE»$

Ït� È= �6 äB� ¥H � D �ô&' �A ®} 5~} RS

T� ()7! ��$� ���.   D �H ¥&N fÍ0ôB.

3-3. ����
 ��� ��

Fig. 5� 25oC�� ̧ -4j� k7� �C st()74j� k7!

1IJ% �B. ©
�� st()74j� (4H Î.¼Þo� v�

L 56� Æ�� ÇH 1IJ% �&' 0 rpm� 56�� stRST

4j! n¼$¯B. ©
� 1I{ �A ®� ®} ij�� ¸-4j

. Î.l� �° st()74j. Ït$� stÇH 1I� Ð B

¼ Î.$� 5~H 1IJôB. �A ®} 5~} Park 
[10], Nezzal


[8]� �%A (f$B. Park 
[10]} ì5 0.1 m� ()* granulator

! ��$� !"g(ZnO 1.5 mole+TiO2 1.0 mole+bentonite 5.0 wt%)!

�+¼Þ� hÌ�� ¸-4j k7� �C *ßE»$ k7! v�$

¯B. ©|� f�L ZnO, TiO2, bentonite� ê
�5} îî 1.3, 0.3,

3.9µm�' Geldart �2 C ��3� 4$� ��|�ôB. ©|� h

ÌÆ���j ¸-4j. Î.l� �° st()74j. ÏtL Ð

B¼ Î.$� 5~H 1IJôB. rL Nezzal 
[8]j 100 rpm ��

��� ¸-4j. Î.=j ()7 �,. >�08 z� ¥&N �

%$¯B. �A ®} 5~} ¸-4j. �} 56�� ¸-� �L #

)§� ��;� <H Ït¼Þ% RSH a$�� %`H $8� ¸

-4j. w} 56�� ¸-� �L #)§� %K� .=8� �#

)§H Î.¼Þ% %K. *÷� M&' non-slip condition&N k7

$� ()7. ( <|9 8
 de&N fÍ0ôB. Æ�q&N �}

Fig. 4. Bed and distributor pressure drop versus gas velocity(at 60 rpm).

Fig. 5. Minimum fluidization velocity versus agitation speed.
���� �40� �2� 2002� 4�
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4:
7:
6]
(4�� *H ()7¼) D �� sq� ¸-4j. Õ*$' ¸-

4j! 34q&N Î.¼) 56�� ¸-)Et�. Î.$% *H

()7¼Þ
 «L +,)Ej Î.$-N �.ì$8 z} ¥&N f

Í0ôB.

Fig. 6} 0, 30 rpm�� ijk7� �C stRST4j Y st()

74j� k7! 1IJ% �B. ©
� 1I{ �A ®� stRST

4jA st()74j �à ij. Î.l� �° Î.$� 5~H 1

IJôB. �A ®} 5~} Geldart �2 C ��3A ®} ���� �

� � ��� 56 
K�j �B� 
Kcj. ��;� <� ( /

�~H �O'[6], ij. Î.l� �° 
Kcj. Î.$� ��;

� <� Î.$-N stRST4jA st()74j. Î.$� ¥

&N fÍ0ôB. L�, stRST4jA st()74j! È¸$o

st()74j. stRST4j� È= äx 1IÉ&' �A ®}

5~&N �y9 
3q� ¸-� �= %K��� #)§H .=�9

��;� <H Ït¼Þ% RS� +�H �8$o ()7 �,! �

y� ¥� (0 ��=8� ¥&N fÍ0ôB. 

Fig. 7} Û hÌ�� v�� st()74jA st()7�,� *

ßE»$ ÇH ��$� Nezzal 
[7]� g´L FIA QF ÇH 3ÂL

Æ�! 1IJ% �B. FIA QF! 3Â$� ��} ­ (1)� (2)� 1I

1 �B. Fig. 7(a)� 1I{ �A ®� 25oC�� ¸-H $8 z} 5

6(0 rpm)� QF, FI Ç} 1�B ä} ÇH 1IJô&' Nezzal 
[7]

� �%� 1I{ �A ®� RST r� ¨�1� �= ()7! �y


 9/# ¥&N fÍ0ôB. Fig. 7(a)A (b)�� �i�� ¸-H L

56(15-60 rpm)A ̧ -4j 30 rpm�� ij! k7¼½H d� FI Ç

� QF Ç� k7j lm 1IJ% �B. FI Ç� 56 v�� st()

74j Ç� ê
�5H 
2&N 3Â� st()74j Ç� È= �

6 �
 de� FIÇ� 1�B äx 1IÉ&' QF Ç� 56 
3q�

¸-H .$o Fig. 2� 1I{ ¸-º� ·\� �= %K��. �M

N �/8� <� ä�$
 de� st()7�,! �y
 «L *

� ßE»$. Ït$� RS� +�a� ()7. �y9�j QF Ç

� 1�B äx 1IÉB.

3-4. �� ����� ��

Fig. 8} ¸-4j 30 rpm�� ijk7� �° v�� st()74

jA 
Õ ��­� �= uv� ÇH È¸$� 1IJ% �&' Table

3} Fig. 8�� È¸� 
Õ ��­|H µ¶$� 1IJ% �B. st

()74j! uv$
 «L ��­} �� .8. �&1 ­� +,

. �N È3$% ��­� %/L kD|� (fL ­|� �&-N[28]

Û ����� �nq&N Table 3� 1I{ 8>� ��­H %/$¯

Fig. 6. Minimum channeling velocity or minimum fluidization velocity ver-
sus temperature.

Fig. 7. Fluidization index and fluidization quality with temperature and
agitation speed.

Fig. 8. Comparison between measured minimum fluidization velocity and
calculated values.
Symbols: measured values, Lines: calculated values
1: Ergun[29], 2: Wen and Yu[30], 3: Baeyens and Geldart[31], 
Goroshko et al.[32], 5: Leva[33], 6: Davies and Richardson[34], 
Saxena and Vogel[35], 8: Riba et al.[36], 9: revision of Riba et al.[3
correlation, 10: present correlation-Eq. (3).
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002
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���
��������
B. ©
��, v�� st()74j� (4H Î.¼Ä.o� v�L

ßE»$Ç� �= Æ�� st()74j! ��LB. ©
�� 1Mè

8�8N n¼L �|} Û hÌ� f�L ��� �
(3.7µm)A �j

(1,681 kg/m3)! ��$� 3ÂL Æ��' �M�� ��­� v�Ç

� È= �6 ä} ÇH uv$¯B. �A ®} 5~} 
Õ ��­|

� Geldart �2 A, B r� D ��3� 4$� ��|� hÌÆ�! �

�$� g¼� ��­�
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Table 3. Minimum fluidization velocity correlations[in SI unit]

Author Correlation

Ergun[29]

Wen and Yu[30]

Baeyens and Geldart[31]

Goroshko et al.[32]

Leva[33]
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Table 4. Correlations on the agglomerate diameter [in SI unit]
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Fig. 9. The ratio of agglomerate diameter to particle diameter versus
particle Archimedes number.
HWAHAK KONGHAK Vol. 40, No. 2, April, 2002



244 ���������	
���
��������

édés

y

 77

nd

ree-

.

lu-

Kim,

rk,

 J.:

l-

r-

86).

ara,

n,

ase

182
�
��

Ar : Archimedes number, ρg(ρp−ρg)gdp
3/µ2 [-]

A t : cross-sectional area of bed [m2]

B : Boltzmann’s constant [J/K]

da : agglomerate diameter [m]

da,eff : effective agglomerate diameter [m]

Db : bubble diameter [m]

Db0 : initial formation bubble diameter [m]

Dbm : maximum attainable bubble diameter [m]

dp : particle diameter [mm]

Dt : column diameter [m]

g : gravitational acceleration [m/s2]

h : Planck’s constant [Js]

Ha : Hamaker constant [J]

hw : Lifshitz-van der Waals constant [J]

k : function of Poisson’s ratio and Young’s modulus of agglomerate i

[Pa−1]

Lc : settled bed height [m]

N1 : index of refraction of particle

nk : coordination number [-]

nk,mf : coordination number of agglomerates at minimum fluidization

condition [-]

Ps : particle pressure [Pa]

Ps,n : dimensionless average particle pressure of non-sticky system [-]

r2 : correlation coefficient [-]

Remf : Reynolds number at minimum fluidization velocity, dpUmf ρg/µ[-]

T  : temperature [K]

U : superficial gas velocity [m/s]

Uch : minimum channeling velocity [m/s]

Umf : minimum fluidization velocity [m/s]

Umf,a : minimum fluidization velocity of bed of agglomerates [m/s]

V : relative velocity of agglomerate [m/s]

���� ��

δ : microscale gap between agglomerate or particle surfaces [m]

ε : bed voidage [-]

εa : agglomerate voidage [-]

εmf : void fraction in a bed at minimum fluidizing condition [-]

µ : gas viscosity [kg/m-s]

ν : Poisson’s ratio [-]

νe : UV adsorptive frequency [s-1]

ρa : agglomerate density [kg/m3]

ρg : gas density [kg/m3]

ρp : apparent particle density [kg/m3]

φs  : sphericity of particle [-]
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