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VÚFÿ[öB Ò�� ßWö �~º F³, G;¸�, �²Fÿzç�~ [¸�, [çã, «¶ßW~ 'Ëj �V~V *

� 2B~ Fÿ[(Fÿ[ A:Úã 0.055 m, ̧ � 2.0 m, Fÿ[ B:Úã 0.1 m, ̧ � 2.5 m)öB [bî� Î¾(ï�«ã

0.286 mm)f FCC(A:ï�«ã 0.082 mm, B: 0.091 mm)¢ ÒÏ~� F³, G;¸�, �²Fÿzç�~ [¸�, [çã 5 «

¶ßW~ æzö V� Ò�� ßWj G;~&
. G;B �²Ò�k³êº G;¸�& Ã&�ö V¢ 6²~&b� �²F

ÿzç�~ [¸�f [çã� Ã&�ö V¢ Ã&~&
. �²Ò�k³êö &� «¶ßW~ 'Ëf [çãö V¢ 
�²

¾æÒ
. [çã� ·f ãÖöº Î¾«¶~ �²Ò�k³ê& FCCö j� �² ¾æÒb¾ [çã� � ãÖöº FCC

~ �²Ò�k³ê& Î¾ö j� �² ¾æÒ
. Ò�� nêº F³� Ã&�ö V¢ 6²~&b¾ F³� Ã&�ö V¢

6² ãË� zz>îb� G;¸�f �²Fÿzç�~ [¸�& Ã&�ö V¢ 6²~&� [çã� Ã&�ö V¢ Ã&

~&
. Ò�� nêö �~º G;¸�~ 'Ëf �²Fÿzç�~ [¸�& Ã&�ö V¢ 6²~&
. "Úê "¯VÚF

³öB FCC «¶~ Ò�� nê& Î¾ «¶ö j� �² ¾æÒ
.

Abstract − In order to understand the slugging regime comprehensively, the characteristics of slugging have been studied

experimentally in gas fluidized beds. The onset velocity of slugging and the properties of slug were measured in gas fluidized

beds(bed A: 0.055 m i.d., 2.0 m height, bed B: 0.1 m i.d. and 2.5 m height) using sand(specific surface mean diameter:

0.286 mm) and FCC(FCC A, specific surface mean diameter: 0.082 mm, FCC B, specific surface mean diameter: 0.091 mm)

as bed materials with variations of gas velocity, height from the distributor plate, bed height at minimum fluidization, column

diameter and particle properties. The minimum slugging velocity decreased with increasing height from the distributor plate,

however, increased with increasing bed height at minimum fluidization and column diameter. However, the effect of particle

properties was found to be dependent on the column diameter. The minimum slugging velocity of sand was higher than that of

FCC in the column of 0.055 m inside diameter, however, that of FCC higher than that of sand in the column of 0.10 m inside

diameter. The slug frequency decreased with increasing gas velocity, height from the distributor plate and bed height at min-

imum fluidization, however, increased with column diameter. The effect of gas velocity on slug frequency diminished as gas

velocity increased. The effect of height from the distributor plate on slug properties decreased as the bed height at minimum

fluidization increased. The slug frequency of FCC was higher than that of sand at the same excess gas velocity.
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1. B �

¢>'b� �Ú[~ ¸�& ¸�, [çã� ·f VÚFÿ[~ ãÖ

ªÖ6öB �WB V�& çß~�B �Ú>Ú V�~ çã� [çã

ö ç�� ;ê� 
æ² >� Ò��(slug)& ;WB
. Ò��~ ;�

º «¶ «~ö V¢ 
�² ¾æ¾º� «¶�Vf «¶&ê& ·f

«¶~ ãÖöº &�;~ axial slug& ;W>�, «¶�Vf «¶&ê

& � «¶~ ãÖf F³� ¸f ãÖöº wall slug¾ flat slug& ;W

B
[1]. Ò�� ;�ö &� 
� �ªf round-nose slugf square-nose

slug� ¾2 > ®b� round-nose slugº �Ú «¶ê~ ãÖ� Ò��

ç¦~ �Ú
� Ò�� "*~ Fÿ[ ããb� ~�ÚÒ�, Ò�� ^

�¢ G;� > ®�, Ò�� çß³ê& F³�
 �² ¾æ¾º ßW

� ®
. �Þ square-nose slugº �f «¶ê~ ãÖ� Ò�� ç¦~

�Ú
� Ò�� Ú¦¢ Û� ~�ÚÒ�, Ò�� ^�~ G;� Ú[�,

Ò�� çß³ê& F³�
 ·² ¾æ¾º ßW� ®
[2].

Ò�k '�öBº V�Fÿ[ö j� [~ b�Î" 5 VÚ-�Ú

7/ÎN� &~>�, Ò��& [j Û"~�B ¢Ú¾º {Kºÿö

~� Vê'� ÏÏ� &�ææ� Fÿ[~ '.� �ë" Fæ&Ò¢

*�Bº Ò�� ßWö &� ��& jº~
. ß® V.
þ �êö

B >¯>º 
þ
 �Î(lab-scale)~ Fÿ[öBº Ò�k *ç� ¢

Ú¾º ãÖ& ôb�, �f ?f ãÖö Ò�kö &� V�'� ��

& ¦�� ç�öB áÚê 
þ¶ò¢ çë' �Î~ Fÿ[ Ë~ö

�&� 'Ï~Vöº ZÒ& ®
.

Ò�k '�öB Ò��~ vªßWf VÚÚ~�*, � 5 bî*�,

�Ú7/ÎN �j æV~º 7º� �¶�B æ.ræ JÂ V*ÿn

��& ê¯>Ú zb¾ Ò�k'�~ �Ç� vªßW" 
þO»~

B� �b� �� 
� vª'�ö j� 
þ¶ò& 'f 
;�� ­

&æ æ>
~ 'Ëö &�Bº ��¶
î
 B� 
� Ö"& B�

>�¾ � 'Ëö &� Ïª� ��f �C� ¦�� 
;�
[3]. Ò�

k '�öB Ò��~ vªßWj ¾æâ > ®º ßW8b�º �²

Ò�k³ê(minimum slugging velocity), Ò�� ̂ �(slug length), Ò�

� nê(slug frequency), Ò�� çß³ê(slug rising velocity) �j 


> ®
.

� ��öBº Ò��ßWö �~º F³, G;¸�, �²Fÿzç�

~ [¸�, [çã 5 «¶ßWö &� 'Ëj G; 5 �V~&b� �

¢^öBº Ò�� ßW 7öB �²Ò�k³êf Ò�� nêö &�

76'b� �J~�¶ �
.

�²Ò�k³êf &N~� �"ö Ryu �[4]f �²Ò�k³êö &

� �²Fÿzç�~ [¸�f ªÖ6b�¦V~ ¸� 'Ëö &� G

; 5 �V~&b�, �²Ò�k³êö &� V� ��
j ;Ò, jv

~&
. 6� �²Ò�k³ê¢ .G~V *� V� ç&�
j ;Ò~

� ' ç&�
� .G� > ®º æ>~ 'Ëj jv~� �
~ 
þ

Ö" 5 V�~ 
þÖ"¢ �Ï~� ' ç&�� �� 
þæ>
j

.G� > ®ºæ~ �¦¢ ¦Æ~&b� ;{Wj jv~&
. Ryu �

[4]f V�~ ç&�
öB �J>æ p~~ æ>
~ 'Ëj «�'b

� �J~V *� Choi �[5]~ V��V ç&�j �Ï~�, Geldart

[6]~ ��¢ V>b� V��V& [çã~ 0.6Vö ��� r~ F³

j �²Ò�k³ê� �J~� �²Ò�k³ê Î�j B�~&
. �

��öBº �²Ò�k³êö &� Ryu �[4]~ ��öB �J>æ p

~~ æ>
([çã, «¶ßW)~ 'Ëj G; 5 �V~�, Ryu �[4]

~ ��ö ¾æÂ G;¸� 5 �²Fÿzç�~ [¸� 'Ë� Geldart

ª~ A «¶êöê 'Ï>ºæ {�~�¶ ~&
.

Table 1. Factors influencing on the slug frequency

Variable increased Effect on fs Source

Bed geometry Bed diameter(Dt) Decrease Baeyens and Geldart[7]
Increase Verloop and Heertjes[8]

Noordergraaf et al.[2]
Luca et al.[9]
Lee[10]

Distance above distributor(H) Initial decrease and independent thereafter Nakamura et al.[11]
Negligible below Hmf Noordergraaf et al.[2]

Particle properties Mean particle diameter(dp) Negligible Baeyens and Geldart[7]
Increase Satija and Fan[12]

Sphericity of particles(φs) Negligible Baeyens and Geldart[7]
Decrease DiMattia et al.[13]

Operating condition Superficial gas velocity(U) Initial decrease and independent thereafter Baker and Geldart[14]
Decrease Verloop and Heertjes[8]

Noordergraaf et al.[2]
Luca et al.[9]
Lee[10]

Negligible Baeyens and Geldart[7]
DiMattia et al.[13]

Static bed height(Hs) or bed height at 
minimum fluidization(Hmf)

Initial decrease and independent thereafter Baeyens and Geldart[7]
Decrease Verloop and Heertjes[8]

Baker and Geldart[14]
Nakamura et al.[11]
Thiel and Potter[15]
Satija and Fan[12]
Noordergraaf et al.[2]
Luca et al.[9]
DiMattia et al.[13]
Lee[10]
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Ò�� nêö &� ÚÚ�� æ.ræ 'æ pf ��& ê¯>Ú

zb¾ ­­ æ>
~ 'Ëö &�Bº ��¶
î
 B� 
� Ö"

& B�B : ®b� ' æ>~ 'Ëö &� ¢>zB �C� ���


;�
. Table 1f Ò�� nêö 'Ëj �~º �� &æ �¶
ö

&� V�~ ��¢ º£~� ¾æÚ� ®
. V� ��
ö ~~� Ò

�� nêö &� [çã~ 'Ëf ��¶
ö V¢ B� 
� ãËj

¾æÚîº� Baeyensf Geldart[7]º [çã� Ã&�ö V¢ Ò��

nê& 6²~º ©b� ��� >� Verloopf Heertjes[8], Noodergraaf

�[2], Luca �[9], Lee[10]º Ã&~º ©b� ��~&
. Baeyensf

Geldart[7]~ ��öBº �²Ò�k³ê �çöB Ò�� nê& F³

~ 'Ëj Aæ pº ©b� �J~� �²Ò�k³êöB~ Ò�� n

ê& [çã� Ã&�ö V¢ 6²~º ©b� ��~&
. ~æò �


~ 
þÖ"º [çã Ã&ö V� �²Ò�k³ê~ Ã&(F³~ Ã

&) 'Ëj ��~� ®bæ� ÿ¢� F³öB 
þB Ö"& jî
.

�
~ Ö"º [çã~ 'Ë �
º F³Ã&ö V� Ò�� nê~

6²ãËj �þ ¾æÚº ©b� Òò>î
. Ö"'b� Ò�� nê

º [çã� Ã&�ö V¢ Ã&~º ©b� �J~º ©� æ�� ©

b� Òò>î
.

Ò�� nêö �~º G;¸�(ªÖ6b�¦V~ ¸�)~ 'Ëö &

�B Nakamura �[11]f G; ¸�& Ã&�ö V¢ Ò�� nê& 6

²� ê ¢;�æº ©b� ��~&b� Noordergraaf �[2]f �²F

ÿzç�~ [¸� �~öBº G;¸� æzö V� Ò�� nê~ æ

z& ìº ©b� ��~&
.

Ò�� nêö �~º «¶�V~ 'Ëb� Baeyensf Geldart[7]º

«¶�V~ 'Ë� ìº ©b� ��� >� Satijaf Fan[12]f «¶�

V& Ã&�ö V¢ Ò�� nê& Ã&~º ©b� ��~&
.

Ò�� nêö &� «¶�;ê~ 'Ëö &� Baeyensf Geldart[7]

º «¶�;ê æz& Ò�� nêö 'Ëj �~æ pº ©b� ��

� >� DiMattia �[13]f «¶�;ê& Ã&�ö V¢ Ò�� nê&

6²~º ©b� ��~&
.

Ò�� nêö �~º F³~ 'Ëö &� Bakerf Geldart[14]º F

³� Ã&�ö V¢ Ò�� nê& 6²� ê ¢;� æº ©b� ��

~&� Verloopf Heertjes[8], Noordergraaf �[2], Luca �[9], Lee[10]

º F³� Ã&�ö V¢ 6²~º ©b� ��� >� Baeyensf

Geldart[7], DiMattia �[13]f Ò�� nêö �~º F³~ 'Ë� ì

º ©b� ��~&
. ��¾ Baeyensf Geldart[7], DiMattia �[13]~

��öB �JB F³º*º �²Ò�k³ê ¦"�V r^ö(Baeyens

and Geldart[7] : 1-1.39 U/Ums, DiMattia �[13] : 1-1.05 U/Ums) F³æz

ö V� Ò�� nê~ æz& 'f ©b� Òò>î
. 6� F³Ã&

ö V¢ Ò�� nê& 6²� ê ¢;� ê
º ��
" �� 6²�


º ��
j jv� �� �� 6²�
º ��
f jv' F³æ

zº*& ·f ãÖ�� F³Ã&ö V¢ Ò�� nê& 6²� ê ¢

;� ê
º ��º jv' F³æzº*& � ãÖ&
. Ö"'b�

Ò�� nêö �~º F³~ 'Ëf Ôf F³öBº Ò�� nê&

6²~� F³� Ã&�ö V¢ Ò�� nê~ 6²ãË� zz>º ©

� ¢>'� ©b� Òò>î
.

Ò�� nêö �~º �;[¸�(6º �²Fÿzç�~ [¸�)~

'Ëö &� Baeyensf Geldart[7]º �;[¸�& Ã&�ö V¢ 6²

�ê ¢;� æº ©b� ��~&b� Verloopf Heertjes[8], Bakerf

Geldart[14], Nakamura �[11], Thiel" Potter[15], Satijaf Fan[12], Noor-

dergraaf �[2], Luca �[9], Dimattia �[13], Lee[10]º 6²~º ©b�

��~&
. �Þ Baeyensf Geldart[7]~ ãÖöº Ò�� nê¢ ªÖ

6 :� =¦ªöB .&{~ {Kºÿ(absolute pressure fluctuation)ö

~� G;~&º�, ��� 
þO»ö ~~� [~ {Kºÿ� [��

öB~ V� 6º Ò��~ 2Zö ç7'� 'Ëj A² >�, �
~

��öBê [��öB �''b� &V� Ò�� nêf {Kºÿö

~� G;� Ò�� nê& ?f ©b� ¾æÒ
. V¢B �
~ ��

öB 
þæ>� �JB �²Fÿzç�~ [¸� æzº 
B�º c

c[¸�& æ~º Î"¢ ¾æÚ² >� .&{ 8f [��~ 8j

¾æÚæ� Ò�� nêö �~º �²Fÿzç�~ [¸� 'Ëb�

�J~V�
º G;¸�~ æz� �J~º ©� �Ò'�
. �f ?

� Baeyensf Geldart[7]~ 
þÖ"¢ Ò�� nêö &� G;¸�~

'Ëb� �J~� Nakamura �[11]~ ��f FÒ� ãËj ¾æÞ
.

Ò�� nêö &� V�~ ��
j «�'b� Ò�~� Ò�� n

êö 'Ëj �~º �¶
ö &� V�~ ��
f [çã~ 'Ëö

&� B� 
� Ö"& B�>îb� G;¸�(ªÖ6b�¦V~ ¸�),

«¶�V, «¶~ �;ê, F³ �~ 'Ëö &�Bº ' æ>
~ æz

ö ~� Ò�� nê& Ã&~�¾ 6²�
º ��f �þ ' æ>


� Ò�� nêö �² 'Ëj �~æ á�
º Ö"& �þ ��>Ú

®ÚB ' æ>
~ 'Ëj ¢>z~� �J~V ÚJÚ 
;�� 


þÖ"ê B�'�ÚB º&'� 
þ¶ò~ {�f �þ ' æ>~ '

Ëö &� ¢>zB �C� jº� 
;�
.

Table 2º Ò�� nê¢ .G~V *� B�B V�~ ç&�
j º

£~� ¾æÚ� ®
. Ò�� nêö &� V�~ ç&�
f &¦ª

� V�~ 
þ¶ò¢ :ûb� B�B 
þ'� ç&��� V�~ ç

&�
 7öB Baeyensf Geldart[7], Verloopf Heertjes[8]~ ç&�f

�²Ò�k³ê �ç~ F³öB Ò�� nê& ¢;� ©b� �J~

� B�B ç&�b� F³~ 'Ë� ��>Ú ®æ p
. �Þ DiMattia

�[13]f Ò�� nêö �~º «¶~ �;êf �;[ ¸�~ 'Ëö

&�Bò �J~� ç&�j B�~&
.

Ò�� nêö &� V� ç&�
j «�'b� Ò�~� «¶ßW

~ 'Ëf �²Fÿz³ê~ �b� �J� > ®bæ� F³, �²F

ÿz³ê, [çã, �²Fÿzç�~ [¸�¢ æ>� �J� Luca �

[9], Lee[10]~ ç&�� jv' �� æ>
~ 'Ëj ¾æâ > ®º

©b� Òò>îb¾ ªÖ6b�¦V~ ̧ �'Ëö &�Bº .G� >

ìº �6� ®b� ç&�~ ;{Wö &�Bº 
þÖ"f~ jv¢

Û� ¦Æ& jº~
.

� ��öBº �²Ò�k³êö 'Ëj �~º �� æ> 7öB

Ryu �[4]~ ��ö ¾æÂ �²Fÿzç�~ [¸�f G;¸�~ '

Ëj Geldart ª~ A «¶êö &� 
� {�~� Ryu �[4]~ ��

öB �J>æ pf 
þæ>� [çã 5 «¶ßWj º&� �J~

� �²Ò�k³êö �~º ' æ>~ 'Ëj ¢>z~�¶ ~&
.

6� Ò�� nêö &�Bº V� ��
öB B� ç>B Ö"& B

�>î�¾([çã~ 'Ë) 
þ¶ò& ¦��(ªÖ6b�¦V~ ¸�

'Ë) æ>
 5 F³, �²Fÿzç�~ [¸�, «¶ßW �~ 'Ëj

{�~� V� ç&�"~ jv¢ Û~� ' æ> 'Ë~ .G &ËW

" ;{Wj jv, ¦Æ~�¶ ~&
. �¢ *� 2B~ Fÿ[(Fÿ[

A:Úã 0.055 m, ̧ � 2.0 m, Fÿ[ B:Úã 0.1 m, ̧ � 2.5 m)öB

[bî� Î¾f FCC¢ ÒÏ~� F³, G;¸�, �²Fÿzç�~ [

¸�, [çã 5 «¶ßW~ æzö V� �²Ò�k³êf Ò�� n

ê~ æz¢ G; 5 �V~&
.

2. 
 þ

Fig. 1f � 
þö ÒÏB 2B~ Fÿ[ 
þË~¢ ¾æÚ� ®
.

Fÿ[ Aº Úã 0.055 m, ̧ � 2.0 m~ Êr�.Ê Ê�(SUS 304)�

B·>î� ªVV(distributor)º çã 2 mm~ �s� Ò'b~(rec-

tangular pitch)� 52B ÑJ®º B�j(open area percent) 6.8%~ 


�6(perforated plate)j ÒÏ~&b� FÿzVÚº plenum(SUS 304)

ö *~� >ï&(25 mm I.D.)b� "«>ê� ~&
. ö~º G;¸
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�öB {Kºÿ �^¢ G;~V *� ªÖ6b�¦V 16B(−0.038,

0.025, 0.125, 0.225, 0.325, 0.425, 0.525, 0.625, 0.725, 0.925, 1.025,

1.125, 1.275, 1.425, 1.625, 1.945 m)~ {KG;6j v� {Kæ~V

f �Ö~&
. VÚÂ�(0.05 m I.D.)º ªÖ6b�¦V 1.95 m ̧ �ö

*~~� Ò���" WjV(çëÏ Nomex filter)¢ �öB &V� V

Â>ê� ~&
. Fÿ[ Bº Úã 0.1 m, ̧ � 2.5 m~ j�Ú&b�

B·>î� ªVV(distributor)º multi-tuyere ;b� çã 20 mm tuyere

4Bö '' 3 mm hole 12B¢ V~~&b� FÿzVÚº plenum(SUS

304)ö *~� >ï&(32 mm I.D.)b� "«>ê� ~&
. ö~º G

;¸�öB {Kºÿ �^¢ G;~V *� ªÖ6b�¦V 34B(−0.04,

0.03, 0.075, 0.10, 0.125, 0.15, 0.175, 0.20, 0.225, 0.25, 0.275, 0.30, 0.325,

0.35, 0.375, 0.40, 0.425, 0.45, 0.475, 0.50, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95,

1.00, 1.05, 1.20, 1.30, 1.40, 1.50, 2.05, 2.35 m)~ {KG;6j v� {K

æ~Vf �Ö~&
. VÚÂ�(0.05 m I.D.)º ªÖ6b�¦V 2.45 m

¸�ö *~~�, VÚº 1, 2N Ò���(�&jN, ''~ Úãf 0.15,

0.1 m)" WjV(çëÏ Nomex filter)¢ �öB &V� VÂ>ê� ~

&
. v B~ Fÿ[ Îv Fÿz VÚ�º �V& ÒÏ>îb� &Ê

�V� �;� Fïê 6º îïFïê(mass flow meter, Brooks Instrument

Co., Model 5863, 0-1,000l/min, 0-5 V output)� ;ï>Ú Fÿ[ö �

/>î
.

[bî�º FCC(ï�«ã 0.082, 0.091 mm)f Î¾(ï�«ã 0.286 mm)

«¶¢ ÒÏ~&b� [bî~ bW" &�'� «êª�º Table 3ö

¾æ¾ ®
.

�²Fÿz³êº �;[öB¦V F³j Ã&�Ê�B [~ {K;

~(bed pressure drop) 5 {Kºÿ(pressure fluctuation)j G;~&
.

�²Fÿz³êº [~ {K;~& ¢;�æV �·~º F³b� Ö

;~&b� [~ {Kºÿ�^ö ~� êÖB ï�ê�(mean amplitude),

�&ÞN(standard deviation) 5 ;�zB �&ÞN(normalized standard

deviation)ö ~� Ö;B 8" jv~&
.

�²Ò�k³êf Ò��nê¢ G;~V *� b& «êª�f Z

²& G;B [bîj 
þ��~ �²Fÿzç�~ [¸�(0.85, 0.95,

1.05, 1.15, 1.25 m)� Fÿ[ö j�b� Fï�.^2f Fïê 6º

îïFïê� ¢; Fï~ �V¢ �/~&
. Fÿ[~ {Kª�& n

;>Ú "V'� ãËj ¾æâ r¢ ;çç�� *"~&b�, R«�

j�Ú� B·B çã 0.1 m~ Fÿ[ BöB [Ú >K�ßWj �'

'b� &V~&
. ;çç�öB ' {K6öB~ {K�^º {Kæ

~V(N{;, validyne, P24D Model)¢ ÒÏ~� *{(±5 V)-�* �^

� :ÞÚ ¶ò>÷ê(data acquisition system, Real time devices Inc.,

AD2110 Model)¢ �öB PCö &Ë~&
. ' 
þ��öB {K�

^º 100 Hz~ "2>� 10,000B¢ >÷~&
.


þæ>� Ò�� ßW~ö &� [çã~ 'Ëj �J~V *� B

� 
� [çã(0.055, 0.10 m)j <º 2B~ Fÿ[j ÒÏ~&b� F

³~ 'Ëj �J~V *� FCC «¶ö &�Bº 0.01-0.45 m/s, Î¾

«¶ö &�Bº 0.108-0.45 m/s� F³j æz�V� G;æ6~ ¸�

(ï�¸� 0.36-0.93 m)f �²Fÿzç�~ [¸�(0.85, 0.95, 1.05,

1.15, 1.25 m)~ 'Ëê �V~&
. 6� «¶ßW æzö V� �²Ò

Table 2. Summary of correlations on the slug frequency

Authors Experimental technique Correlations 
Considered parameters

Umf U dp φs Dt Hmf(Hs) H

Baeyens and Geldart[7] DPT & visual observation  (in CGS unit) *

Verloop and Heertjes[8] DPT * *

Nakamura et al.[11] for H<120 cm
fs=27.0(U−Umf)

−0.43H−0.60

for H>120 cm
fs=1.5(U−Umf)

−0.43

* * *

Satija and Fan[12] DPT for 1.00 mm glass beads, (U−Umf)<2 m/s

for dp>2.32 mm

* * * *

Shichun et al.[3] Optical fiber fs=0.533(U−Umf)
−0.152(in CGS unit) * *

Noordergraaf et al.[2] APT fs=0.32U−0.15Hs
−1.0 * *

Luca et al.[9] Video camera * * * *

DiMattia et al.[13] DPT * *

Lee[10] DPT * * * *

DPT: differential pressure transducer, APT: absolute pressure transducer

fs
0.35g0.5

kDt
0.5

------------------ k 9.38

Dt
0.357

------------==

fs
0.35 gDt

Hmf

-----------------------=

fs 4.75
1

U Umf–( )0.5Hmf

-----------------------------------
0.5

=

fs 100
dp

U Umf–( )Hmf

------------------------------
0.5

=

fsHmf

U Umf–
----------------- 0.17

gDt

U Umf–( )2
-----------------------

2 3⁄
0.1+=

fs
0.515 φs– 0.517φs

2– 0.65Hs–
0.13

--------------------------------------------------------------------=

fsHmf

U Umf–
----------------- 0.80

gDt

U Umf–( )2
----------------------- 0.07+=
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�k³êf Ò�� nê~ æz¢ �J~V *� B� 
� «¶êö

³~º FCC(Geldart ª~ A 5 AB)f Î¾(Geldart ª~ B)«¶¢ Ò

Ï~&
. �²Ò�k³êf Ò�� nê G;j *� 
þ�� 5 


þæ>¢ º£~� Table 4 5 5f ?
.

' 
þ��öB ç¦f ~¦ö *~� {K6öB ÿ�ö G;B N

{ {K�^º V&8(reference value)j V&b� �&ç(emulsion

phase)" V�ç(bubble phase)b� ¾~�[4], *��Îj ÒÏ~�

smoothingj � "î
. Smoothingj �� �^¢ �Ï~� ç¦f ~

¦ {K6öB sampling time ÿn V�çö ³~º �^~ B>¢ G

;~� j¾~ � (1)ö ~� V� 6º Ò��nê(bubble or slug frequency)

¢ êÖ~&b�, � (2)f ?� ç¦f ~¦~ N{; {Kæ~VöB

G;B V� 6º Ò��nê(fs,u, fs,l)~ ï�8j êÖ~� v B~ {

K6 7 ��ò Û"®j ãÖöê 1/2B� �/>ê� ~&
.

(1)

(2)

3. Ö" 5 �V

3-1. �²Fÿz³ê

�²Fÿz³êº F³æzö V¢ [~ {K;~¢ ê�~� G;

~º O»" {Kºÿ�^~ ªC(ï� ê�, �&ÞN, ;�zB �&

ÞN)j Û� Ö;~º O»[16]� ®b� � ��öBº v O»j Î

v ÒÏ~&º�, Ö"º ÿ¢� ©b� ¾æÒ
. Fig. 2º Î¾f FCC

B(0.091 mm) «¶ö &� �²Fÿzç�~ [¸� æzö V¢ G;

B �²Fÿz³ê~ æz¢ ¾æÚ� ®
. �âö ¾æÂ :f ?�

v «¶ Îvö &� �²Fÿzç�~ [¸�& Ã&�ö V¢ �²

Fÿz³ê& Ã&~&b� Cranfieldf Geldart[17]~ ��f FÒ~&


. �f ?f ãËf �;[¸� 6º �²Fÿzç�~ [¸�& Ã

&�ö V¢ �Ú[~ Z²& Ã&~� j¾ãb� ·Ï~º ~;K�

Ã&~V r^b�, Ho �[18]~ ��f FÒ~² �CF > ®
. ï

�«ã 0.082 mm~ FCC A «¶~ ãÖ �²Fÿzç�~ [¸�

0.85 möB G;B �²Fÿz³êº 0.0052 m/s&
.

3-2. �²Ò�k³ê

3-2-1. �²Ò�k³ê~ Ö;

� ��öB V�Fÿ[öB Ò�k'�b� *�>º F³� �²

Ò�k³êº Ryu �[4]~ ��ö ¾æÂ :f ?� F³æzö V�

fs l,  or fs u, =
No of bubble or slug phase signal

sampling time

fs
 fs u, fs l,+

2
--------------------=

Fig. 1. Schematic diagram of fluidized beds.
(a) Fluidized bed A(0.055 m I.D., 2.0 m height)
1. Air compressor 18. Pressure gauge
2. Filter 19. Let-down valve
3. Pressure regulator 10. Bag filter 
4. Valve 11. Data logger
5. Mass flowmeter 12. Differential pressure transducer
6. Fluidized bed 13. A/D converter
7. Cyclone 14. Personal computer
(b) Fluidized bed B (0.10m I.D., 2.5 m height)
1. Air compressor 18. Bagfilter
2. Filter 19. Sample pot
3. Pressure regulator 10. Differential pressure transducer
4. Flowmeter 11. A/D converter
5. Fluidized bed 12. Personal computer
6. Cyclone 1 13. Data logger
7. Cyclone 2

Table 3. Properties and size distribution of bed materials

                                       Bed materials
Properties

FCC A(fresh) FCC B(spent) Sand

Mean particle diameter[mm] 0.082 0.091 0.286
Apparent density[kg/m3] 1600 2083 2561
Bulk density[kg/m3] 847 802 1313
Void fraction in bed at minimum fluidizing condition[-] 0.47 0.62 0.49
Sphericity of particles[-] 0.87 0.57 0.86
Geldart classification A AB B

Size distribution

Sieve size Weight fraction[-]

−600+425 - - 0.150
−425+300 - - 0.432
−300+212 0.002 - 0.302
−212+150 0.026 - 0.065
−150+106 0.246 - 0.034
−106+75 0.493 1.000 0.015
−75+53 0.184 - 0.002
−53+0 0.049 - 0.000
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V� 6º Ò��nê~ æz¢ �Ï~� Ö;~&
. Ryu �[4]f V

�Fÿ[ '�öBº F³� Ã&�ö V¢("¯�Vï� Ã&�ö V

¢) V� nê& Ã&~�, ê³'b� F³� Ã&~� V�~ �Ú&

�B® ¢Ú¾ Ò��& ;W>�, Ò�k '�öBº F³� Ã&�ö

V¢ Ò��~ �Úö ~� �VÃ&� �� Ò�� nê& 6²~æ

� �²Ò�k³êöB V� 6º Ò�� nê& �&8j ¾æÞ
�

��� : ®
. Fig. 3(a)º � ��öB G;B V� 6º Ò�� nê

7 &�'b� ï�«ã 0.082 mm~ FCC A «¶¢ [bî� ÒÏ~

� [çã 0.1 m, �²Fÿzç�~ [¸� 0.85 m, G;¸� 0.43 m(ï

�¸�)öB G;� V� 6º Ò��nê¢ ¾æÚ� ®
. �âö ¾

æÂ :f ?� Ôf F³öBº F³� Ã&�ö V¢ V� 6º Ò�

� nê& Ã&~&b¾ F³� ê³'b� Ã&~� 6²~º ãËj

¾æÚî
. V¢B � ��öBº Ryu �[4]~ ��f îR&æ� V

Table 4. Fluidized beds specification and operating conditions for the measurement of minimum slugging velocity

Fluidized bed Particle properties Operating conditions

Notation Dt[m] Ht[m] Particle dp[mm] ρp[kg/m3] Hmf[m] Hmea[m]

A 0.055 2.0 FCC A 0.082 1600 0.85 0.38, 0.58
Sand 0.286 2561 0.85 0.38, 0.58

B 0.10 2.5 FCC A 0.082 1600 0.85 0.43, 0.60
FCC B 0.091 2083 0.95, 1.05, 1.15, 1.25 0.83

Table 5. Fluidized beds specification and operating conditions for the measurement of slug frequency

Fluidized bed Particle properties Operating conditions

Notation Dt[m] Ht[m] Particle dp[mm] ρp[kg/m3] U[m/s] Hmf[m] Hmea[m]

A 0.055 2.0 FCC A 0.082 1600 00.01-0.45 0.85 0.38, 0.58
Sand 0.286 2561 0.108-0.45 0.85 0.38, 0.58

B 0.10 2.5 FCC A 0.082 1600 00.01-0.45 0.85 0.43, 0.60
Sand 0.286 2561 0.108-0.45 0.85 0.36, 0.46

0.95 0.36, 0.46, 0.83
1.05 0.36, 0.46, 0.83, 0.93
1.15 0.36, 0.46, 0.83, 0.93
1.25 0.36, 0.46, 0.83, 0.93

Fig. 2. Minimum fluidization velocity versus bed height at minimum
fluidization state.

Fig. 3. Measured bubble or slug frequency versus gas velocity and cal-
culated values by Choi et al.[5] equation.
(a) Determination of minimum slugging velocity, and (b) Variation
of point bubble frequency and/or number-based bubble frequency
with gas velocity
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� 6º Ò�� nê& �&8j ¾æÚº F³j �²Ò�k³ê� Ö

;~&
. Fig. 3(b)º F³æzö V¢ Choi �[5]~ �b� êÖB V

�f Ò�� nê~ æz¢ ¾æÚ� ®
. Choi �[5]f V��V ç

&�ö &� ��öB � 6j Û"~º V�nê(point bubble frequency,

Np)f �*�'j Û"~º V�nê(number-based bubble frequency,

Nf)ö &� �J~&
. �²Ò�k ç�¢ V�Fÿ[ '�~ �Ëb

� �J~�, V�Fÿ[ '�öB ' G;6öB~ V�nêº Np�

�* &Ë~� Ò�k '�öBº Fÿ[~ ��j � B~ Ò��&

Û"~æ� Ò�� nêº Nf� �J� > ®b� Npf Nf& ?jæ²

B
. Fig. 3(b)ö ¾æÂ :f ?� V�Fÿ[ '�öB Npº F³�

Ã&�ö V¢ Ã&~º >� Ò�k '�öB Nfº F³� Ã&�ö

V¢ 6²~&b� � ��öB G;B V� 6º Ò�� nê~ æz

ãË" FÒ~&
.

3-2-2. �²Ò�k³ê: �²Fÿzç�~ [¸� 'Ë

Fig. 4º FCC B(ï�«ã 0.091 mm)«¶ö &� �²Fÿzç�~

[¸� æzö V¢ G;B �²Ò�k³ê~ æz¢ ¾æÚ� ®
.

�âö ¾æÂ :f ?� G;B �²Ò�k³êº Leva �[19], Ryu

�[4]~ ��f îR&æ� �²Fÿzç�~ [¸�& Ã&�ö V¢

Ã&~&º�, �f ?f ãËf Ryu �[4]� �C� :f ?� �²F

ÿzç�~ [¸�& Ã&�ö V¢ �²Fÿz³ê& Ã&~æ� Ò

��¢ ;W~V *� jº� "¯�VF³� Ã&~�, Ò�� ç¦~

�ÚZ²& Ã&~� G;¸� ç¦ö �Ò~º �Ú& [ã" 7/~

º �'� Ã&~� *�K� Ã&~V r^ö ~;K(�Ú~ 7K"

*�K~ �)ö ��~º çßKj áÚB Ò��& ;W>V *�Bº

z ¸f F³� jº~V r^b� Òò>î
.

3-2-3. �²Ò�k³ê: G;¸�, [çã 5 «¶ßW~ 'Ë

Fig. 5º �²Fÿzç�~ [¸� 0.85 möB Î¾f FCC A(ï�«

ã 0.082 mm)«¶ö &� G;¸�(ªÖ6b�¦V~ ¸�)f [çã

~ æzö V¢ G;B �²Ò�k³ê~ æzf Ryu �[4]~ 
þÖ

"¢ �þ ¾æÚ� ®
. G;B �²Ò�k³êº Luca �[9], Ryu

�[4]~ ��f îR&æ� ªÖ6b�¦V~ ¸�& Ã&�ö V¢ 6

²~&
. �f ?f ãËf G;¸�& Ã&�ö V¢ V��V& Ã

&~� [çãö &ròææ� z Ôf F³öB Ò��& ;WF >

®V r^b� Òò>î
. �Þ Î¾ «¶f FCC A «¶ Îvö &

� [çã� Ã&�ö V¢ �²Ò�k³ê& Ã&~º ãËj ¾æÚ

îb� Stewartf Davidson[20], Baeyensf Geldart[7], Broadhurstf Becker

[21], Ho �[18], Agawal[22], Luca �[9]~ ��f FÒ~&
. �f ?

f ãËf �²Ò�k³ê& V��V& [çãö ç�� ;ê� WË

� F³j ~�~�, [çã� Ã&� ãÖ [çãö &ròî ;ê�

V��V& WË~V *�Bº z ¸f F³� jº~V r^b� Ò

ò>î
.

�²Ò�k³êö &� «¶ßW~ 'Ëf [çãö V¢ 
�² ¾

æÒ
. Fig. 5ö ¾æÂ :f ?� [çã 0.055 m~ ãÖöº Î¾«

¶~ �²Ò�k³ê& FCC�
 �² ¾æÒb¾ [çã 1.0 m~ ã

Ööº FCC~ �²Ò�k³ê& Î¾�
 �² ¾æÒº� �f ?f

ãËf Geldart A «¶êö ³~º FCCf B «¶êö ³~º Î¾«

¶~ V�ßW� 
�V r^b� ÒòB
. Fig. 6f &�'b� G;

¸�& ªÖ6b�¦V 0.3 m¢ r F³æzö V� V��V~ æz

¢ ¾æÚ� ®
. V��V~ êÖf V�~ �Úf ªêÎ"¢ Îv

�J� Choi �[5]~ ç&�j ÒÏ~&
. ¢>'b� �Ú «¶f �

f «¶¢ jv~� �Ú «¶~ �²Fÿz³ê& ·bæ� "Úê V

ÚF³öB "¯VÚ³ê(U-Umf)º �Ú «¶~ ãÖ& �² ¾æ¾�

«¶ßWj �J~æ pº
� �Ú «¶~ V��V& �f «¶~ V

Fig. 4. Minimum slugging velocity versus bed height at minimum fluid-
ization.

Fig. 5. Minimum slugging velocity versus height from the distributor
plate with variation of column diameter and particle properties.

Fig. 6. Bubble size versus gas velocity according to the particle proper-
ties(Hmea=0.3 m).
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��V�
 � ©b� .GF > ®
. ~æò Fig. 6ö ¾æÂ :f ?

� �Ú «¶~ ãÖ V�~ ªêÎ"ö ~� FCC& Î¾«¶ö j�

F³Ã&ö V� V��V~ Ã& VÞV& ·² ¾æ¾� Ôf F³

öBº FCC~ V��V& �æò ¸f F³öBº Î¾«¶~ V��

V& z �² B
. �âöBº Ryu �[4]~ ��f îR&æ� V��

V& [çã~ 0.6Vö ê�� r~ F³j �²Ò�k³ê� �J~�

jv~&
. �âö ¾æÂ :f ?� [çã� 0.055 m¢ ãÖöº Î

¾«¶~ �²Ò�k³ê& �² ¾æÒb¾ [çã� 0.1 m� ãÖö

º FCC~ �²Ò�k³ê& �² ¾æ¾� � ��~ 
þÖ"f ÿ

¢� ãËj ¾æÚî
. �f ?f ãËf [çã� Ã&~� V��

V& [çãö &ròî ;ê� WË~V *� jº� F³� Ã&~

�, F³� Ã&�ö V¢ V�~ ªêÎ"& Ã&~�, ��� V�ª

êÎ"º Geldart ª~ A «¶ê~ ãÖ& z � 'Ëj A² >Ú Ö

"'b� ¸f F³öB FCC~ V��V& Î¾«¶ö j� ·V r

^ö �²Ò�k³ê& �² ¾æ¾º ©b� Òò>î
.

3-3. Ò�� ;� 5 Ò�k '�

� ��öB &VB Ò��~ ;�º ªÖ6b�¦V~ ¸�f F³

ö V¢ 
² 
� ;�¢ ¾æÚîº� ªÖ6b�¦V~ ¸�f F

³� Ôf ãÖöº "� axial slug& &V>îb� ªÖ6b�¦V~

¸�f F³� Ã&�ö V¢ wall slug& &V>Vê ~&
. � ��

öB ªÖ6öB¦V VÚÂ�ræ Fÿ[ *Úö &� &VB ªÖ6

b�¦V~ ¸�ö V� Ò��~ vªßW æzº Baeyensf Geldart

[7]~ ��f FÒ~² [~ j¾ãöº ¶F�Ú V�Fÿ[ '�(freely

bubbling region, zone I)� �Ò~&b� � *öº Ò��~ B�'�

�Ú& ¢Ú¾º '�(zone II), ç¦öº z �ç Ò��~ �Ú& ¢

Ú¾æ pº '�� �Ò~&
. �
� B�� ç&�ö ~~� zone

I" zone II~ ãê(Hfb)º [çã 0.1 m~ ãÖöº 0.16 m, [çã 0.055 m

~ ãÖöº 0.07 m, zone IIf zone III~ ãê(HL)º [çã 0.1 m~

ãÖöº 0.90 m, [çã 0.055 m~ ãÖöº 0.81 m� � ��öB �

JB G;¸�([çã 0.1 m~ ãÖ: 0.36-0.93 m, [çã 0.055 m~ ã

Ö: 0.38-0.58 m)º &¦ª Ò��~ B�'� �Ú& ¢Ú¾º '�b

� Òò>î
. V¢B � ��~ G;¸� º*öBº Ò��~ �Ú

ö ~� ªÖ6b�¦V~ ¸�æzö V¢ Ò��ßW� æz~æ�

¸�æzö V� Ò�� ßW~ æz¢ �V~Vö '�� G;¸��

Òò>î
.

3-4. Ò�� nê

3-4-1. Ò�� nê:F³" �²Fÿzç�~ [¸� 'Ë

Fig. 7f [çã 0.1 möB Î¾ «¶ö &~� ï�¸� 0.83, 0.93 m

öB F³" �²Fÿzç�~ [¸� æzö V¢ G;B Ò�� n

ê~ æz¢ ¾æÚ� ®
. G;B Ò�� nêº Verloop" Heertjes

[8], Noodergraaf �[2], Luca �[9], Lee[10]~ ��f îR&æ� F³

� Ã&�ö V¢ 6²~&b� F³� z× Ã&~� 6²ãË� z

z>Ú Bakerf Geldart[14]~ ��fê FÒ� ãËj ¾æÚî
. �

f ?f ãËf � 
þ~ G;¸�& Ò��~ �Ú& ¢Ú¾º '�

ö ³~V r^ö "¯VÚ³ê(U-Umf)~ Ã&& Ò��~ B>(nê)

Ã&�
º V� 6º Ò��~ �Úö ~� Ò�� ^� Ã&ö z �

'Ëj �~V r^b� Òò>î
. ¯ F³Ã&ö V¢ Ò�� ^�

& Ã&~æ� ç&'b� Ò�� nêº 6²~º ©b� Òò>î
.

Ò�� nêö �~º �²Fÿzç�~ [¸� 'Ëf Verloopf Heertjes

[8], Bakerf Geldart[14], Nakamura �[11], Thiel" Potter[15], Satijaf

Fan[12], Noodergraaf �[2], Luca �[9], DiMattia �[13], Lee[10]~ ��

f îR&æ� �²Fÿzç�~ [¸�& Ã&�ö V¢ 6²~&
.

�f ?f ãËf Ò�� ^�f Ò�� nêf~ &ê¢ �Ï~� �

C� > ®
. "Úê "¯VÚ³ê(U-Umf)öB �²Fÿzç�~ [¸

�& Ã&~� Ò��~ �Ú& ¢ÚÆ > ®º �Ú[~ ¸�& Ã&

~æ� Ò�� ^�& Ã&~� ç&'b� Ò��~ B>(nê)º 6²

~º ©b� Òò>î
.

3-4-2. Ò�� nê: ªÖ6b�¦V~ ¸� 'Ë

Fig. 8(a)º �²Fÿzç�~ [¸�& '' 0.85, 0.95, 1.15 m� ã

Öö F³" G;¸�(ï�¸� 0.36, 0.46 m)~ æzö V¢ G;B Ò

�� nê~ æz¢ ¾æÚ� ®
. G;æ6~ ¸�& ¸f ãÖö Ò

��~ �Úf �V Ã&ö ~� G;¸�& Ôf ãÖö j� Ò��

nê& ·² ¾æÒb� �f ?f ãËf Nakamura �[11]~ Ö"f

FÒ~&
. �âöB �²Fÿzç�~ [¸�& ¸f ãÖöº G;

¸�& æz�ê Ò�� nê~ N�& '² ¾æÒº�, �f ?f ã

Ëf �²Fÿzç�~ [¸�& ¸jöö V¢ Ò�� ^�& Ã&~

�, Ò��~ �Ú& 6²~� ¸�æzö V� Ò�� �V æz& z

z>Ú Ö"'b� Ò�� nê~ æz& zz>º ©b� Òò>î
.

Fig. 8(b)º [çã 0.1, 0.055 möB FCC Af Î¾ «¶¢ [bî�

ÒÏ� ãÖö F³" ªÖ6b�¦V~ ¸�æzö V¢ G;B Ò�

� nê~ æz¢ ¾æÚ� ®
. Fig. 8(a)~ Ö"f îR&æ� [ç

ã" «¶ßW� æz� röê ªÖ6b�¦V~ ¸�& Ã&�ö V

¢ Ò�� nê& 6²~º ãËj ¾æÚî
.

3-4-3. Ò�� nê: [çã" «¶ßW~ 'Ë

Fig. 9(a)º F³" [çã æzö V¢ G;B Ò�� nê~ æz¢

¾æÚ� ®
. �âö ¾æÂ :f ?� Ò�� nêº Î¾f FCC

«¶ Îvö &� ?f F³öB [çã� Ã&�ö V¢ Ã&~º ã

Ëj ¾æÚîb� Verloopf Heertjes[8], Noordergraaf �[2], Luca �

[9], Lee[10]~ Ö"f FÒ~&
. �f ?f ãËf "Úê F³öB

[çã� Ã&~� Ò�� ^�& 6²~æ� Ò�� nêº Ã&~º

©b� Òò>î
.

Fig. 7. Slug frequency versus gas velocity and bed height at minimum
fluidization state(Dt : 0.1 m, sand).



VÚFÿ[öB Ò�� ßW 587

HWAHAK KONGHAK Vol. 39, No. 5, October, 2001

Fig. 9(b)º [çã 0.055 möB G;¸�(ªÖ6b�¦V~ ¸�)

0.38, 0.58 m¢ r «¶ßW æzö V¢ G;B Ò�� nê~ æz¢

¾æÚ� ®
. �âöB Ç»f "¯VÚ³ê(U-Umf)� ��~&
. �

âö ¾æÂ "¯VÚ³ê Ã&ö V� Ò�� nê~ 6² º�¢ �

J~� ÿ¢� "¯VÚ³êöB FCC «¶~ Ò�� nê& Î¾ «

¶ö j� �² ¾æÒ
. �f ?f ãËf Geldart ª~ A «¶ê&

Geldart ª~ B «¶êö j� V�vªªN(bubble flow fraction)� �

� V�~ ªêÎ"ê �V r^ö ç&'b� Ò�� nêº Geldart

ª~ A «¶ê& z �² ¾æ¾º ©b� Òò>î
.

3-5. V� ç&�"~ jv

æ.ræ �� ��¶
ö ~� Ò�� ßW8
j .G~V *� ç

&�
� B�>Ú^ z
. ~æò ��� ç&�
~ &¦ªf V�~


þ¶ò¢ V>b� B�B 
þ'� ç&��V r^ö 
� 
þ�

�öB~ 'Ï&Ë �¦& ®ª«~� ç&�ö �J>æ pf æ>


ö &�Bº � æzãËj .G� > ìº �6� ®
. 6� ¢¦ ç

&�~ ãÖöº Ò�� ßW~
ö &� ¾áB ç&�öB ÂB~�


B æzãË" >&� .G>º ãÖê ®
. Ö"'b� Ò�� ß

W8
~ ;{� .Gj *�Bº ' ç&�~ jv¢ Û� �� æ>


~ 'Ëö &� .G &ËW" ç&�~ ;{Wö &� ¦Æ� jº

& ®
.

�²Ò�k³ê~ ãÖ V� ç&�
 7 Ryu �[4]~ Î�� ��

æ>
([çã, G;¸�, «¶�V)~ 'Ëj �J� > ®îb� �²

Fÿzç�~ [¸� 'Ëö &�Bº � ��öB G;B �²Fÿz

ç�~ [¸� æzö V� �²Fÿz³ê~ æz¢ �J~� .G�

&Ë~&
. 6� Fig. 6ö ¾æÂ :f ?� [çã� ·f ãÖöº

Î¾~ �²Ò�k³ê& �² ¾æ¾æò [çã� � ãÖöº FCC

~ �²Ò�k³ê& �² ¾æ¾º ãËê .G� > ®î
. Stewartf

Davidson[20], Baeyensf Geldart[7], Broadhurstf Becker[21], Ho �

[17], Leef Kim[23], Fatahf Flamant[24], Luca �[9], DiMattia �[13]

~ ç&�
f ­ &æ æ>
ö &� �²Ò�k³êö �~º 'Ë

j .G� > ìº ãÖ& ®îb�[4], Ryu �[4]~ Î�j B�~�

Fig. 6~ Ö"¢ .G� > ®º ç&�� ìî
. Ö"'b� V�~ ç

&�
 7öB Ryu �[4]~ Î�� �²Ò�k³êö �~º �� æ

>
~ 'Ëj ¾æâ > ®îb� V� 
þÖ"f~ jvöBê &

Ë FÒ� Ö"¢ ¾æÚî
.

Fig. 10f � ��öB G;B Ò�� nêf V� ç&�
ö ~�

êÖB 8j jv~� ¾æÚ� ®
. Fig. 10(a)ö ¾æÂ :f ?�

Baeyensf Geldart[7], Verloopf Heertjes[8]~ ç&�f �²Fÿzç

Fig. 8. Slug frequency versus gas velocity for the height from the dis-
tributor.
(a) 6, Hmea=0.36 m; 5, Hmea=0.46 m. (b-1), (b-2) 6, Hmea=0.43 m;
5, Hmea=0.60 m, (b-3). 6, Hmea=0.38 m; 5, Hmea=0.58 m.

Fig. 9. Slug frequency versus excess gas velocity for the column diame-
ter and the particle properties.
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�~ [¸� Ã&ö V� Ò�� nê~ 6²ãËj ¾æâ > ®îb

¾, Ò�� nêö �~º F³~ 'Ëj �J~æ p~bæ� F³ æ

zö V¢ Ò�� nê& ¢;~² ¾æÒb� Shichun �[3]~ ç&�

ö ~� êÖB Ò�� nêº F³� Ã&�ö V¢ 
² 6²~º ©

b� ¾æÒb¾ Ôf F³º*öBº G;8" N�& �
. 6�

Baeyensf Geldart[7], Shichun �[3]~ ç&�f G;¸� 5 �²Fÿ

zç�~ [¸�~ 'Ëj ¾æâ > ìîb� Verloopf Heertjes[8]~

ç&�f G;¸� 5 F³~ 'Ëj ¾æâ > ìî
. Fig. 10(b)ö ¾

æÂ :f ?� F³" G;¸�~ 'Ëj �J� Nakamura �[11]~

ç&�f F³æzö V� Ò�� nê~ æz VÞV& � ��~ G

;8" FÒ~&� G;¸�~ Ã&ö V� Ò�� nê~ 6²ãËj

¾æâ > ®îb¾ �²Fÿzç�~ [¸� 'Ëj ¾æâ > ìî


. V� ç&�
 7 Satijaf Fan[12], Noordergraaf �[2], Luca �[9]

" Lee[10]~ ç&�f Ò��nêö �~º �²Fÿzç�~ [¸�

(6º �;[ ¸�)~ 'Ëj �J~&b� �
~ ç&�
 7öB

Luca �[9]" Lee[10]~ ç&�ö ~� .GB 8
� � ��öB G

;B Ò�� nê~ æzãË" FÒ~&
. ~æò �
~ ç&�f

Ò�� nêö �~º G;¸�~ 'Ëj ¾æâ > ìî
. Table 2ö

¾æÂ ç&�
 7 DiMattia �[13]~ ç&�f «¶~ �;ê 5 �

;[ ¸�~ 'Ëj �J~&b¾ � ��~ 
þº* ÚöB Ò��

nê& r(−)~ 8j ¾æÚîb� �âöB B�~&
. Fig. 10(c)º

[çã æzö V¢ G;B Ò�� nêf V� ç&�"~ jv¢ ¾

æÚ� ®
. Baeyensf Geldart[7]~ ç&�f G;8ö j� "ê~²

([çã 0.055 m: 0.994/s, [çã 0.10 m: 0.912/s) .G>îb� � 
þ

Ö"fº >&� [çã� Ã&�ö V¢ Ò�� nê& 6²~º ©

b� .G>Ú �âöB B�~&
. �âö ¾æÂ :f ?� Verloop

f Heertjes[8], Luca �[9], Lee[10]~ ç&�� � 
þÖ"f îR&

æ� [çã� Ã&�ö V¢ Ò�� nê& Ã&~º ©b� .G>

îb¾ Verloopf Heertjes[8]~ ç&�f F³~ �j �J~æ pjB

F³� Ã&�ö V¢ Ò�� nê& ¢;� ©b� .G>î
. �Þ

Ò�� nêö �~º «¶ßW~ 'Ë~ ãÖ &¦ª~ ç&�
�

(U−Umf)òj �J~� ÿ¢� "¯VÚ³êöB «¶ßW æzö V�

Ò�� nê~ æz¢ .G� > ìî
.

Ò�� nêö &� V�~ ç&�j Ò�~� &¦ª~ ç&�
�

Ò�� nêö �~º F³, G;¸�, �²Fÿzç�~ [¸�, [ç

ã 5 «¶ßW~ 'Ëj «�'b� �J~Vöº ��~&
. V¢B

Ò�� nêö �~º �� æ>
~ 'Ëö &� º&'� 
þ 5 �

V" �þ �� &æ æ>
~ 'Ëj «�'b� �J� > ®º î�

Ú Î� 6º ç&�~ B�& jº� ©b� Òò>î
. 

4. Ö �

� ��~ 
þº*öB áÚê Ö�j º£~� 
r" ?
.

(1) �²Ò�k³êº G;¸�& Ã&�ö V¢ 6²~&b� �²

Fÿzç�~ [¸�f [çã� Ã&�ö V¢ Ã&~&
. �²Ò�

k³êö &� «¶ßW~ 'Ëf [çãö V¢ 
�² ¾æÒ
. [

çã� ·f ãÖöº Î¾«¶~ �²Ò�k³ê& FCCö j� �²

¾æÒb¾ [çã� � ãÖöº FCC~ �²Ò�k³ê& Î¾ö j

� �² ¾æÒ
.

(2) Ò�� nêº F³� Ã&�ö V¢ 6²~&b¾ F³� Ã&

�ö V¢ 6² ãË� zz>îb� G;¸�f �²Fÿzç�~ [

¸�& Ã&�ö V¢ 6²~&� [çã� Ã&�ö V¢ Ã&~&
.

Ò�� nêö �~º G;¸�~ 'Ëf �²Fÿzç�~ [¸�&

Ã&�ö V¢ 6²~&
. "Úê "¯VÚF³öB FCC «¶~ Ò�

� nê& Î¾ «¶ö j� �² ¾æÒ
.

(3) �²Ò�k³êö &� V�~ ç&� 7öB Ryu �[4]~ Î�

f G;¸�, �²Fÿzç�~ [¸�, [çã 5 «¶ßW~ ;W'

� 'Ëj «�'b� .G� > ®îb� � �� 5 V� ��~ 


þÖ"ö &� V� ç&�
 �
 FÒ� Ö"¢ .G~&
.

(4) ^òö ��B Ò�� nêö &� ç&�
f F³, ªÖ6b�

¦V~ ¸�, �²Fÿzç� [¸�, [çã 5 «¶ßW~ 'Ëj «

�'b� �C~Vöº ��~&b�, î�Ú Î� 6º ç&�~ B�

& jº� ©b� Òò>î
.

6 Ò

� ��º 1999jê ��&�v �F��jæöb� >¯>îb� �

ö 6Ò�ãî
.

Fig. 10. Comparison between measured slug frequency and calculated
values by previous correlations.
Symbols : measure values, lines : calculated values. (a) (1) Baey-
ens and Geldart[7], (2) Verloop and Heertjes[8], (3) Shichun et al.
[3]. (b) Nakamura et al.[11]. (c) Verloop and Heertjes[8], (1): Dt

=0.055 m, (2): Dt=0.1 m, Luca et al.[9], (3): Dt=0.055 m, (4): Dt=
0.1 m, Lee[10], (5): Dt=0.055 m, (6): Dt=0.1 m.
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ÒÏV̂

db : equivalent spherical bubble diameter having same volume as

that of bubble [m]

dp : particle diameter [mm]

dp : mean particle diameter [mm]

Dt : column diameter [m]

fs : average slug frequency measured simultaneously at lower and

upper pressure taps [1/s]

fs,l : slug frequency measured at lower pressure taps [1/s]

fs,u : slug frequency measure at upper pressure taps [1/s]

g : gravitational acceleration, 9.8 [m/s2]

H : height above distributor [m]

Hfb : height of the freely-bubbling zone in a fluidized bed [m]

HL : height of the slug coalescence is complete and a stable slugging

zone [m]

Hmea : pressure signal measuring height(average value of lower and

upper pressure taps height for differential pressure fluctuation

measurement) [m]

Hmf : bed height at minimum fluidization [m]

Hs : static bed height [m]

Ht : column height [m]

Nf : number based bubble flow rate [1/s]

Np : point bubble frequency [1/s]

U : superficial gas velocity [m/s]

Umf : minimum fluidizing velocity [m/s]

Ums : minimum slugging velocity [m/s]

�Ò�Ê ^¶

φs : sphericity of particle [-]

ρp : apparent particle density [kg/m3]
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