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VÚFÿ[öB Ò�� ^�f Ò�� çß³êö �~º F³, G;¸�, �²Fÿzç�~ [¸�, [çã 5 «¶ßW

~ 'Ëj G; 5 �V~&
. Ò�� ^�º F³, G;¸�f �²Fÿzç�~ [¸�& Ã&�ö V¢ Ã&~&b¾ [

çã� Ã&�ö V¢ 6²~&
. Ò�� çß³êº F³, G;¸�f �²Fÿzç�~ [¸�& Ã&�ö V¢ Ã&~&

b� [çã� Ã&�ö V¢ 
² Ã&~º ãËj ¾æÚî
. ÿ¢� "¯VÚ³êöB Ò�� ^�f Ò�� çß³ê

º Geldart ª~ A 5 AB «¶êö ³~º FCC «¶~ ãÖ�
 Geldart ª~ B «¶êö ³~º Î¾«¶~ ãÖ& �²

¾æÒ
.

Abstract − The effects of gas velocity, height from the distributor plate, bed height at minimum fluidization, column diam-

eter and particle properties on vertical slug length and slug rising velocity were measured and discussed. The vertical slug

length increased with increasing the gas velocity, height from the distributor plate and bed height at minimum fluidization,

however, decreased with an increase of column diameter. The slug rising velocity also increased with increasing gas velocity,

height from the distributor plate and bed height at minimum fluidization. The slug rising velocity increased slightly with col-

umn diameter. The vertical slug length and the slug rising velocity of sand were higher than that of FCC at the same excess gas

velocity.
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1. B �

Ò�k '�öB Ò�� ^�, Ò�� nê 5 Ò�� çß³êº ;

W', ;ï'b� B� &7� &ê& ®b� ~¾~ Ò�� ßW8�

æz~� 
� 8
� 'Ëj A² B
. �~ ��öBº Ò�� ßW

~ 7öB �²Ò�k³êf Ò�� nêö &� �� æ>
~ 'Ë

j G; 5 �C~&b� V� ç&�" jv~&
. � ¢^öBº Ò

�� ßW~ 7öB Ò�� ^�f Ò�� çß³êö &� ¢~~�

¶ �
.

Table 1f Ò�� ^�ö 'Ëj �~º �� &æ �¶
ö &� V

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

�º G;¸�[5, 6], «¶�V[5], F³[1-9], �²Fÿzç�~ [¸�

[3, 4, 7]& Ã&�ö V¢ Ã&~� {K� Ã&�ö V¢ 6²[10, 11]

~º ©b� ��>î
. �Þ [çã~ 'Ëf ��¶
ö V¢ B�


� ãËj ¾æÚîº� Luca �[3], Lee[4]º [çã� Ã&�ö V

¢ Ò�� ̂ �& 6²~º ©b� ��� >� Matsen �[1], Hovmand

�[2]~ ç&�ö ~~� [çã� Ã&�ö V¢ Ò�� ^�& Ã&

~º ©b� .GB
. V�~ ��
j «�'b� Ò�~� Ò��

^�ö 'Ëj �~º �¶
ö &� V�~ ��
f "� F³~ '

Ëö &� ��>Ú zb� [çã~ 'Ëö &�Bº ��¶ö V¢

ç>B Ö"& B�>î
.

†To whom correspondence should be addressed.
 E-mail: choijhoo@kkucc.konkuk.ac.kr
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Table 2º Ò�� ^�¢ .G~V *� B�B V�~ ç&�
j º

£~� ¾æÚ� ®
. V� ç&�
 &¦ªf V�~ 
þ¶ò¢ :

ûb� B�B 
þ'� ç&��� Matsen �[1]~ ç&�f Ò��

nê ç&�j :ûb� B�>îb� V� ��fº >&� [çã�

Ã&�ö V¢ Ò�� ^�& Ã&~º ©b� .GB
. ~æò �


� ÒÏ� Ò�� nê ç&�f �²Ò�k³ê �ç~ F³öB Ò

�� nê& ¢;� ©b� �J~� B�B ç&��� V� ��f

º >&� [çã� Ã&�ö V¢ Ò�� nê& 6²~º ©b� .

GB
. ̄ , [çã~ 'Ëj ¾á �J� Ò�� nê ç&�j ÒÏ~

&V r^ö Ò�� ^�ö �~º [çã~ 'Ë� >&� .G>º

©b� Òò>î
. Hovmand" Davidson[12]f Nicklin �[13]� B�

� Ò�� ¦bf Ò�� ^�~ &ê�" Ò�k '�öB~ [cc

5 Ò�� Ò�~ �Ò(slug spacing)¢ �J~� Ò�� ^�ö &�

ç&�j B�~&º� �
~ ç&�ê Matsen �[1]~ ç&�" î

R&æ� V�~ 
þÖ"fº >&� [çã� Ã&�ö V¢ Ò��

^�& Ã&~º ©b� .GB
. Matsen �[1], Hovmand" Davidson

[12]~ ç&�ö ~� .G>º [çã~ 'Ëf 
þ'b� {�� Ö

"& jî� ç&�j Fê~º ";öB Ò�� nê 6º Ò�� Ò

�~ �Òö &� �J& '�~ pV r^ö [çã~ 'Ë� >&�

.G>º ©b� ÒòB
. 
B� [çãj :Þ�B Ò�� ^�¢

G;� ��º [çã� Ã&�ö V¢ Ò�� ̂ �& 6²�
º Luca

�[3]~ Ö"ö�
. 6� "Úê Ò�� ¦bFïöB [çã� Ã&

�ö V¢ Ò��~ ��'� Ã&~æ� Ò�� ^�º [çã� Ã

&�ö V¢ 6²~º ©b� �J~º ©� �Ò'�� º&'� 


þj Û� {�� jº� ©b� Òò>î
.

Ò�� ^�ö &� V� ç&�
j «�'b� Ò�~� «¶ßW

~ 'Ëf �²Fÿz³ê~ �b� �J� > ®bæ� �²Fÿz³

ê, [çã, �²Fÿzç�~ [¸�¢ æ>� �J� Luca �[3], Lee

[4]~ ç&�� jv' �� æ>
~ 'Ëj ¾æâ > ®º ©b� Ò

òB
. ~æò Luca �[3], Lee[4]~ ç&�f F³� ·f ãÖöº

"¯VÚ³ê(U−Umf)& ·bæ� �~ ;�ç Ò�� ^�& r>(−)

Table 1. Factors influencing on the slug length 

Variable increased Effect on Ls Source

Bed geometry Bed diameter(Dt) Increase Matsen et al.[1]
Hovmand et al.[2]

Decrease Luca et al.[3]
Lee[4]

Distance above 
distributor(H)

Increase Park et al.[5]
Nakamura et al.[6]

Particle 
properties

Mean particle 
diameter(dp)

Increase Park et al.[5] 

Operating 
condition

Superficial gas 
velocity(U)

Increase Park et al.[5]
Matsen et al.[1]
Hovmand et al.[2]
Nakamura et al.[2]
Thiel and Potter[7]
Donsi et al.[8]
Shichun et al.[9]
Luca et al.[3]
Lee[4]

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

Increase Thiel and Potter[7]
Luca et al.[3]
Lee[4]

Pressure Decrease Lanneau[10]
King and 

Harrison[11]

Table 2. Summary of correlations on the slug length 

Authors Experimental technique Correlations 
Parameters

Umf U dp Dt H Hmf (Hs)

Park et al. [5] Electroresistivity probe (in CGS unit) * * * *

Matsen et al. [1] X-ray 

from Baeyens and Geldart[26] (in CGS unit)

* * *

Hovmand and 
Davidson [12]

CP * * *

Nakamura et al.[6] - for H < 120 cm
Ls= 2.6(U−Umf)

0.48H0.22

for H > 120 cm
Ls= 0.47(U−Umf)

0.78H0.46(in CGS unit)

* * *

Shichun et al.[9] OP Ls= 2.165U1.31(U−Umf)
−0.16(in CGS unit) * *

Luca et al.[3] Visual observation
(video camera)

* * * *

Lee[4] DPT * * * *

CP: capacitance probe, DPT: differential pressure transducer, OP: optical probe 

L s

H
----- 33.3dp

1.5 U Umf–
Umf

----------------- 
 

0.77

=

L s k U Umf–( )Dt
0.5 0.35g0.5⁄=

k 9.38

Dt
0.357

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

Ls

Dt

----- 
  0.495

L s

Dt

----- 
 

0.5

1
U Umf–

0.35 gDt( )0.5
----------------------------+–

 0.061 1.939
U Umf–

0.35 gDt( )0.5
---------------------------- 0=–+

L s

DtHmf( )0.5
----------------------- 2.09

U Umf–

gDt( )0.5
----------------- 0.37–=

L s

DtHmf( )0.5
----------------------- 1.82

U Umf–

gDt( )0.5
----------------- 0.13–=



592 ~̂ ;Á�;êÁfçîÁ¶Ò�

z��� B39² B5̂ 2001j 10ú

� .G>º �6� ®
. �Þ V�~ ç&�
f Ò�k '�öB Ò

�� ^�f Ò�� nê Ò�~ ç^&êö &� �J& ��~� ç

&�~ ;{Wö &�Bº V� 
þÖ"f~ jv¢ Û� ¦Æ& j

º~
.

Table 3f Ò�� çß³êö 'Ëj �~º �� &æ �¶
ö &�

V�~ ��¢ º£~� ¾æÚ� ®
. Ò�� çß³êö &� V�

~ ��
j ÚÚ�� Lanneau[10], Nicklin �[13], Ormiston �[14],

Matsen �[15], Kehoef Davidson[16], Carotenuto �[17], Nakamura �

[6], Thiel" Potter[7], Fan �[18], Dry �[19], Satijaf Fan[20], Shichun

�[9], Leef Kim[21], Clark �[22], Lee[4]º [çã� Ã&�ö V¢

Ò�� çß³ê& Ã&~º ©b� ��~&b� Lanneau[10], Nicklin

�[13], Ormiston �[14], Matsen �[15], Kehoef Davidson[16], Carotenuto

�[17], Nakamura �[6], Thiel" Potter[7], Fan �[18], Ho �[23], Dry

�[19], Shichun �[9], Leef Kim[21, 24], Clark �[22], Lee[4]º F³

� Ã&�ö V¢ Ò�� çß³ê& Ã&~º ©b� ��~&
. �

Þ Satijaf Fan[20]f Geldart ª~ D «¶êö ³~º �f «¶¢ Ò

Ï~� 
þ� Ö" F³� Ã&�ö V¢ Ò�� çß³ê& Ã&~


& F³� z× Ã&~� square-nose slug& "� ;W>Ú F³Ã&

ö V¢ Ò�� çß³ê& J®J 6²~º ©b� ��~&
.

Ò�� çß³êö �~º «¶ßW~ 'Ëö &� Ormiston �[14],

Fan �[18], Donsi �[8], Satijaf Fan[20], Leef Kim[21]f «¶�V

& Ã&�ö V¢ Ò�� çß³ê& 6²~º ©b� ��~&b�

Fan �[18], Satijaf Fan [20], Leef Kim[21]f «¶&ê& Ã&�ö

V¢ Ò�� çß³ê& 6²~º ©b� ��~&
. �Þ Ò�� ç

Table 3. Factors influencing on the slug rising velocity 

Variable increased Effect on Us Source

Bed geometry Bed diameter (Dt) Increase Lanneau[10]
Nicklin et al.[13]
Ormiston et al.[14]
Matsen et al.[15]
Kehoe and Davidson[16]
Carotenuto et al.[17]
Nakamura et al.[6]
Thiel and Potter[7]
Fan et al.[18]
Dry et al.[19]
Satija and Fan[20]
Shichun et al.[9]
Lee and Kim[21]
Clark et al.[22]
Lee[4]

Distance above distributor(H) No effect Dry et al.[19]

Particle properties Mean particle diameter(dp) Decrease Ormiston et al.[14]
Fan et al.[18]
Donsi et al.[8]
Satija and Fan[20]
Lee and Kim[21]

Particle density(ρp) Decrease Fan et al.[18]
Satija and Fan[20]
Lee and Kim[21] 

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

Decrease Clark et al.[22]

Initial increase and independent thereafter Satija and Fan[20]

Increase Lee[4]

Superficial gas velocity(U) Increase Lanneau[10]
Nicklin et al.[13]
Ormiston et al.[14]
Matsen et al.[15]
Kehoe and Davidson[16]
Carotenuto et al.[17]
Nakamura et al.[6]
Thiel and Potter[7]
Fan et al.[18]
Ho et al.[23]
Dry et al.[19]
Shichun et al.[9]
Lee and Kim[21, 24]
Clark et al.[22]
Lee[4]

Initial increase and decrease thereafter Satija and Fan[20]
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ß³êö &� �;[ ¸� 6º �²Fÿzç�~ [¸�~ 'Ëf B

� 
� Ö"& B�>îº� Satijaf Fan[20]f �²Fÿzç�~ [

¸�& Ã&�ö V¢ Ò�� çß³ê& Ã&� ê ¢;�æº ©b

�, Lee[4]º ê³'b� Ã&~º ©b� ��� >� Clark �[22]f

�;[ ¸�& Ã&�ö V¢ Ò�� çß³ê& 6²~º ©b� �

�~&
. �f ?� Ò�� çß³êö &� �;[ ¸� 6º �²F

ÿzç�~ [¸� 'Ë� B� 
� Ö"¢ ¾æÚº �Fº ' ��

öB ¾æÂ Ò�� ;�& 
�V r^b� ÒòB
. Clark �[22]~

��öB ¾æÂ Ò��~ ;�º j*� square-nose slug��, ���

ãÖöº Ò��& [�� *Ú¢ Næ~� çß~� Ò�� *ãö �

Ò~º �Úï(�;[ ¸�)� Ã&�ö V¢ Ò��ö ·Ï~º 7K

~ 'Ë� Ã&~æ� �;[ ¸�& Ã&�ö V¢ Ò�� çß³ê

& 6²~º ©b� Òò>î
. �Þ Satijaf Fan[20], Lee[4]~ ��

öBº «¶«~¾ F³ æzö V¢ round-nose slug 6º square-nose

slug& ;W>î
.

Ò�� çß³êö &� ªÖ6b�¦V~ ¸�'Ëö &� ��º

Dry �[19]~ �� öb� �
f ªÖ6b�¦V~ ¸� æzº Ò�

� çß³êö 'Ëj �~æ pº ©b� ��~&
.

V�~ ��
j «�'b� Ò�~� Ò�� çß³êö 'Ëj �

~º �¶
ö &� V�~ ��
f "� [çã, «¶ßW, F³ �~

'Ëö &� ��>Ú zb� ªÖ6b�¦V~ ¸�f �²Fÿzç

�~ [¸�~ 'Ëö &� ��º B�'��, «{� �C� ¦��


;�
. ß® Ò�� çß³êö �~º �;[ ¸�(6º �²Fÿ

zç�~ [¸�)~ 'Ëf ��¶
ö V¢ ç>B Ö"& B�>î
.

Table 4º Ò�� çß³ê¢ .G~V *� B�B V�~ ç&�


j º£~� ¾æÚ� ®
. �ö ¾æÂ :f ?� &¦ª~ ç&�


� Nicklin �[13]~ ç&� ;�f FÒ~� "¾ö 
Ú Ormiston �

[14]~ ç&�ö ��B :f ?f k1, k28ö &� �� 
þæ>
~

Table 4. Summary of correlations on the slug rising velocity 

Authors Experimental technique Correlations 
Parameters

U Umf dp ρp ρg Dt Hs Ls

Lanneau[10] CP * * *

Nicklin et al.[13]
for angular slugs

for wall slugs

* * *

Ormiston et al.[14] CP, X-ray
k1 = 0.87−9.68, k2 = 0.335−0.383

* * *

Matsen et al.[15] * * *

Kehoe and Davidson [16] CP, X-ray * * *

Carotenuto et al.[17] CP * * *

Nakamura et al.[6] *

Thiel and Potter[7] CP * * *

Fan et al.[18] PT * * * * * *

Dry et al.[19] Gas tracer signal * * *

Satija and Fan[20] PT

for dp < 1.12 mm

for dp > 2.3 mm

* * * * * *

Shichun et al.[9] OP * * *

Lee and Kim[21] PT * * * * * *

Clark et al. [22] PT
 U* = 0.389, 0.316, 0.243

 for Hs 0.152, 0.305, 0.61 m  respectively

* * *

Lee[4] PT * * *

CP: capacitance probe, PT: pressure transducer, OP: optical probe 

Us U Umf–( ) 0.41 gDt+=

Us U Umf–( ) 0.35 gDt+=

Us U Umf–( ) 0.35 2gDt+=

Us k1 U Umf–( ) k2 gDt+=

Us U Umf–( ) 0.35 gDt+=

Us U Umf–( ) 0.35 gDt+=

Us U Umf–( ) 0.35 2gDt+=

Us U Umf–( ) 0.35 gDt+=

Us 0.28 gLs=

Us U Umf–( ) 0.35 gDt+=

Us k U Umf–( ) 0.35 gDt+=

k 2.43
dp

Dt

----- 
 

0.5– ρp

1000ρg

----------------- 
 

4.2–

=

Us 1.15 U Umf–( ) 0.63 gDt+=

Us k U Umf–( ) 0.35 gDt+=

k 2.43
dp

Dt

----- 
 

0.5– ρp

1000ρg

----------------- 
 

4.2–

=

k 1.476
dp

Dt

----- 
 

0.9– ρp

1000ρg

----------------- 
 

4.2–

=

Us 0.7613 U Umf–( ) 0.35 1.19gDt+=

Us k U Umf–( ) 0.35 gDt+=

k 85.7
dp

Dt

----- 
 

0.093– ρp

ρg

----- 
 

0.616–

=

Us U Umf–( ) U*+=

Us 0.6 U Umf–( ) 0.18 gDt+=
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'Ëj �J� ç&�� B�>î
. �Þ Fan �[18], Satijaf Fan[20],

Leef Kim[21]~ ç&�öBº VÚ&ê~ �� ��>Ú ®b¾ çN,

ç{öB~ 
þÖ"¢ ÒÏ~� ç&�j Ö;~&bæ� �N, �{

öB~ 'Ï&ËWf ®ª«~
.

V�~ ç&�
"º 
� ;�� Nakamura �[6]f Ò�� çß³

êö �~º Ò�� ^�~ 'Ëj �J~&
. �Þ Clark �[22]~ ç

&�f Ò�� çß³êö �~º �;[ ¸�~ 'Ëj �J~&b¾

�
~ ��ö ¾æÂ Ò��~ ;�º square-nose slug� round-nose

slug~ ãÖöº �;[ ¸� 6º �²Fÿz ç�~ [¸� 'Ë� V

� ��fº >&� .G>² B
. Ö"'b� V� ç&� 7öB

round-nose slugö &� �;[ ¸� 6º �²Fÿzç�~ [¸� '

Ëj �J� > ®º ç&�f B�>æ p~
.

æ.ræ ÚÚ� :f ?� Ò�� ^�f Ò�� çß³êö &�

V�~ ��
j «�~� Ò�� ^�ö &�Bº [çã~ 'Ëö &

� B� 
� Ö"& ��>îb� Ò�� çß³êö &�Bº �;

[ ¸� 6º �²Fÿzç�~ [¸�~ 'Ëö &� B� 
� Ö"

& ��>î
. 6� Ò�� ^�f Ò�� çß³êö �~º ªÖ6

b�¦V~ ¸�, �;[ ¸� 6º �²Fÿzç�~ [¸� 'Ëö

&� ��º B�'� 
;�
.

� ��öBº ��� æ>
� Ò�� ^�f Ò�� çß³êö �

~º 'Ëj {�~� V� ç&�"~ jv¢ Û~� ' æ>~ 'Ë

ö &� V� ç&�~ .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~ æz

ö V� Ò�� ^�f Ò�� çß³ê~ æz¢ G; 5 �V~&
.

2. 
 þ

Ò�� ^�f Ò�� çß³ê~ G;j *� ÒÏB 
þË~, [

bî 5 {Kºÿ�^~ G;O»f �B �²Ò�k³êf Ò�� n

êö &� ��ö J«� :f ?
.

Ò�� nê 
þ~ ãÖf îR&æ� Ò�� ^�f Ò�� çß³

êö &� [çã~ 'Ëj �J~V *� B� 
� [çã(0.055,

0.10 m)j <º 2B~ Fÿ[j ÒÏ~&b� F³~ '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� Ò�� ^�f Ò�� çß³

ê~ æz¢ �J~V *� B� 
� «¶êö ³~º FCC(Geldart ª

~ A 5 AB)f Î¾(Geldart ª~ B)«¶¢ ÒÏ~&
. Ò�� ^�

f Ò�� çß³ê G;j *� 
þ�� 5 
þæ>º �B ��ö

J«� Ò�� nê~ G;��" ?
.

Ò�� çß³êº smoothing" filteringj �~V *~ {Kºÿ�

^¢ ÒÏ~� Ö;~&b� Ò�� ^�º smoothing" filtering";

j �� �^¢ �Ï~� êÖ~&
.

"Úê 
þ��öB Ò�� çß³ê(slug rising velocity)º Fan �

[18], Leef Kim[21]~ ��ö ¾æÂ O»" ?� ç¦f ~¦~ {K

æ~VöB G;B {K�^~ cross-correlation function(φxy)j �Ï~

� Ö;~&
. Ò�� çß³êº � (1)" ?� ;~>� v {Kæ~

V Ò�~ �*æ�(time delay, τm)f � (2)f ?� cross-correlation

functionj êÖ~� � 8� �&& >º �*b� Ö;~&
. � (2)

öB Nf *Ú {K�^~ B>, lnf �* τÿnö G;>º {K�^

~ B>, xn, yn+lnf '' *ã" j¾ã~ {Kæ~VöB n®�f n+ln
®�ö G;B �^¢ ~��
. ç¦f ~¦~ {K G;6
 Ò�~

�Òº � (3)" ?� ç¦ {Kæ~Vf �ÖB v {K G;6~ ï�

¸�f ~¦ {Kæ~Vf �ÖB v {K G;6~ ï�¸�~ N�

� Ö;~&
.

(1)

(2)

(3)

Ò�� ^�¢ êÖ~V *� ' 
þ��öB ç¦f ~¦ö *~�

{K6öB ÿ�ö G;B N{ {K�^¢ V&8(reference value)j

V&b� �&ç(emulsion phase)" V�ç(bubble phase)b� ¾*�

[25], *��Îj ÒÏ~� smoothingj � "î
. Smoothingj ��

{K�^ 7 {K�ö ~� Ò��& �Ú 6º ªê>º ãÖ, Ò��

& >çb� çß~æ pº ãÖ, Ò��& {K�~ *ãö JÂÿn

^Zº ãÖ �~ '�~ pf �^¢ filteringj Û� B�~&b�

smoothing" filteringj �� �^¢ ÒÏ~� Ò�� ̂ �¢ Ö;~&
.

Ò�� ^�º êÖB Ò�� çß³ê¢ �Ï~� � (4)f ?� Ö

;~&
.

(4)

� (4)öB Bmf j¾ã �" *ã �öB G;B �^öB Ò��

çö ³~º �*(BL, BU)~ ï�8j ~�~� � (5)f ?� Ö;

~&
.

(5)

3. Ö" 5 �V

3-1. Ò�� ^�

3-1-1. Ò�� ^�:F³" �²Fÿzç�~ [¸� 'Ë

Fig. 1f [çã 0.1 möB Î¾(0.286 mm) «¶ö &� 2B~ N{

; {Kæ~V¢ '' 0.75-0.80, 0.85-0.90 m(ï�¸� 0.83 m)ö �Ö

� ãÖf 0.85-0.90, 0.95-1.00 m(ï�¸� 0.93 m)ö �Ö� ãÖö F

³" �²Fÿzç�~ [¸� æzö V� Ò�� ^�~ æz¢ ¾

æÚ� ®
. Park �[5], Matsen �[1], Hovmand �[2], Nakamura �[6],

Thiel" Potter[7], Donsi �[8], Shichun �[9], Luca �[3], Lee[4]~ �

�f îR&æ� F³� Ã&�ö V¢ Ò�� ^�& Ã&~&b�,

�f ?f ãËf F³� Ã&�ö V¢ "¯VÚï(U-Umf)� Ã&~

� .VV��V 5 V�nê& Ã&~� V� 5 Ò��~ �Ú& �

B® ¢Ú¾V r^b� Òò>î
. �Þ Thiel" Potter[7], Luca �

[3], Lee[4]~ ��f îR&æ� �²Fÿzç�~ [¸�& Ã&�ö

V¢ Ò�� ^�& Ã&~&
. �f ?f ãËf �²Fÿzç�~

[¸�& Ã&�ö V¢ "Úê G;¸� ç¦ö �Ò~º �Ú¸�&

Ã&~� Ò��¢ �F� > ®º �Ú[~ ¸�& Ã&~V r^b

� Òò>î
.

3-1-2. Ò�� ^�:ªÖ6b�¦V~ ¸�'Ë

Fig. 2(a)º Î¾(0.286 mm) «¶ö &� F³" G;¸�(ï�¸�

0.83, 0.93 m)~ æzö V¢ G;B Ò�� ^�~ æz¢ ¾æÚ� ®


. �âö ¾æÂ :f ?� Park �[5], Nakamura �[6]~ Ö"f î

R&æ� G;¸�& Ã&�ö V¢ Ò��~ �Úö ~� Ò�� ^

�& Ã&~&
. �âöB �²Fÿzç�~ [¸�& Ã&�ö V¢

Us =
distance between pressure taps, davg

average time delay, τm

φxy
1

N l n–
------------ xn yn ln+⋅

n 1=

N ln–

∑=

davg HU avg, HL avg,–=

Ls Us Bm⋅=

Bm

1
n
--- BL

i 1=

n

∑ 1
n
--- BU

i 1=

n

∑+

2
----------------------------------------=
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¸�æzö V� Ò�� ^�~ æz& zz>îº�, �f ?f ãË

f Baeyensf Geldart[26]& �J� ªÖ6b�¦V~ ¸�æzö V�

Ò�k '�j �J~� �C� > ®
. ¯, �²Fÿzç�~ [¸�

& Ã&�ö V¢ Ò�� ^�& Ã&~� Ò��*~ B�'� �Ú

& ¢Ú¾º '�(zone II)öB z �ç Ò��*~ �Ú& ¢Ú¾æ p

º '�(zone III)b� �ÿ~V r^ö ¸�æzö V� Ò�� ^�~

æz& zz>º ©b� Òò>î
.

Fig. 2(b)º [çã 0.055, 0.1 möB FCC A(0.082 mm), [çã 0.055 m

öB Î¾(0.286 mm) «¶¢ [bî� ÒÏ� ãÖö F³" ªÖ6b

�¦V~ ¸�æzö V¢ G;B Ò�� ^�~ æz¢ ¾æÚ� ®


. �âö ¾æÂ :f ?� [çã" «¶ßW� æz� röê F³

" ªÖ6b�¦V~ ̧ �& Ã&�ö V¢ Ò�� ^�& Ã&~º ã

Ëj ¾æÚî
.

3-1-3. Ò�� ^�:[çã" «¶ßW~ 'Ë

Fig. 3(a)º F³" [çã~ æzö V¢ G;B Ò�� ^�~ æz

¢ ¾æÚ� ®
. �âö ¾æÂ :f ?� F³öB Ò�� ̂ �º [

çã� Ã&�ö V¢ 6²~&b� Luca �[3], Lee[4]~ Ö"f FÒ

~&
. �f ?f ãËf �B ��öB ÚÚ� :f ?� "Úê F

³öB [çã� Ã&�ö V¢ Ò�� nê& Ã&~æ� Ò�� ^

�º 6²~º ©b� Òò>î
. Fig. 3(b)º [çã 0.055 möB ª

Ö6b�¦V~ ¸� 0.38, 0.58 m¢ r «¶ßW æzö V¢ G;B

Ò�� ^�~ æz¢ ¾æÚ� ®
. �âöB Ç»f "¯VÚ³ê

(U-Umf)� ��~&
. �âö ¾æÂ "¯VÚ³ê æzö V� Ò�

� ^�~ Ã& º�¢ �J~� ÿ¢� "¯VÚ³êöB Î¾«¶&

FCCö j� Ò�� ^�& �² ¾æÒ
. �f ?f ãËf Geldart

ª~ A «¶ê~ ãÖ V�~ �ÚÎ"f �þ ªêÎ"ê ·Ï~V

r^b� Òò>î
.

3-2. Ò�� çß³ê

3-2-1. Ò�� çß³ê: F³" �²Fÿzç�~ [¸� 'Ë

Fig. 4º [çã 0.1 möB Î¾(0.286 mm) «¶ö &~� 2B~ N

{; {Kæ~V¢ '' 0.85-0.90 m, 0.95-1.00 m(ï�¸� 0.93 m)ö

�Ö� ãÖö F³" �²Fÿzç�~ [¸� æzö V¢ G;B Ò

�� çß³ê~ æz¢ ¾æÚ� ®
. Nakamura �[6]f Ò�� ç

ß³ê& Ò�� ^�ö 'Ëj Ab� Ò�� ^�~ 0.5ßö jf�


� ��� : ®
. � ��öB G;B Ò�� çß³êº Nakamura

�[6]~ Ö"f îR&æ� Ò�� ^�~ æzf FÒ� ãËj ¾æ

Úî
. �âö ¾æÂ :f ?� F³� Ã&�ö V¢ "¯VÚï(U-

Fig. 1. Effects of gas velocity and bed height at minimum fluidization
on vertical slug length.

Fig. 2. Effect of height from the distributor plate on veltical slug length.
(a)ù, Hmea=0.83 m, ø, Hmea=0.93, (b-1) ù, Hmea=0.38 m, ø, Hmea

=0.58, (b-2) ù, Hmea=0.43 m, ø, Hmea=0.60, (b-3) ù, Hmea=0.38 m, ø,
Hmea=0.58.
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Umf)� Ã&~� Ò�� ^�& Ã&~æ� Ò�� çß³ê& Ã&~

&b� ��� ãËf Lanneau[10], Nicklin �[13], Ormiston �[14], Matsen

�[15], Kehoef Davidson[16], Carotenuto �[17], Nakamura �[6], Thiel

" Potter[7], Fan �[18], Ho �[23], Dry �[19], Shichun �[9], Leef

Kim[21, 24], Clark �[22], Lee[4]~ ��f FÒ~&
. �Þ �²Fÿ

zç�~ [¸�& Ã&�ö V¢ Ò�� �V& Ã&~� Ò�� ç

ß³ê& Ã&~&º�, ��� ãËf Lee[4]~ Ö"f FÒ� >�

Clark �[22]~ Ö"fº >&~ ãËj ¾æÚî
. ~æò Clark �

[22]~ ��öB ¾æÂ Ò��~ ;�º square-nose slug��, ���

ãÖöº Ò��& [�� *Ú¢ Næ~� çß~� Ò�� *ãö �

Ò~º �Úï(�;[ ¸�)� Ã&�ö V¢ Ò��ö ·Ï~º 7K

~ 'Ë� Ã&~æ� �;[ ¸�& Ã&�ö V¢ Ò�� çß³ê

& 6²~º ©b� Òò>î
. Ö"'b� round-nose slug~ ãÖö

º �²Fÿzç�~ [¸�& Ã&�ö V¢ Ò�� çß³ê& Ã&

~º ©b� �J~º ©� '�� ©b� Òò>î
.

3-2-2. Ò�� çß³ê: ªÖ6b�¦V~ ¸� 'Ë

Fig. 5(a)º �²Fÿzç�~ [¸�& '' 1.05, 1.15 m� ãÖö

F³" G;¸�(ï�¸� 0.83, 0.93 m)~ æzö V¢ G;B Ò��

çß³ê~ æz¢ ¾æÚ� ®
. �âö ¾æÂ :f ?� Ò�� ç

ß³êº G;¸�& Ã&�ö V¢ Ò��~ �V Ã&� �� Ã&

~&
. �Þ Ò�� ^� 5 Ò�� nê~ ãÖf îR&æ� �²F

ÿzç�~ [¸�& Ã&�ö V¢ G;æ6~ ¸�æzö V� Ò�

Fig. 3. Effects of column diameter and particle properties on vertical
slug length.

Fig. 4. Effects of gas velocity and bed height at minimum fluidization
on slug rising velocity.

Fig. 5. Effect of height from the distributor plate on slug rising velocity.
(a)ù, Hmea=0.83 m, ø, Hmea=0.93, (b-1) ù, Hmea=0.38 m, ø, Hmea

=0.58, (b-2) ù, Hmea=0.43 m, ø, Hmea=0.60, (b-3) ù, Hmea=0.38 m, ø,
Hmea=0.58.
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� çß³ê~ æz& zz>îb�, �º �B ÚÚ� :f ?� �²

Fÿzç�~ [¸�& Ã&�ö V¢ G;¸� æzö V� Ò�� ̂

�~ æz& zz>V r^b� Òò>î
.

Fig. 5(b)º [çã 0.1, 0.055 möB FCC A(0.082 mm), [çã 0.055 m

öB Î¾(0.286 mm) «¶¢ [bî� ÒÏ� ãÖö F³" ªÖ6b

�¦V~ ¸�æzö V¢ G;B Ò�� çß³ê~ æz¢ ¾æÚ�

®
. �âö ¾æÂ :f ?� [çã" «¶ßW� æz� röê ª

Ö6b�¦V~ ¸�& Ã&�ö V¢ Ò�� çß³ê& Ã&~º ã

Ëj ¾æÚî
.

� ��öB &VB Ò��~ ;�º Noordergraaf �[27]~ V&b

� ª~~� round-nose slug&b� �
~ ��ö ¾æÂ :f ?� Ò

�� çß³ê& F³�
 �² ¾æÒ
.

3-2-3. Ò�� çß³ê: [çã" «¶ßW~ 'Ë

Fig. 6(a)º [çã 0.055 mf 0.10 möB FCC A(ï�«ã 0.082 mm)

¢ [bî� ÒÏ~� F³" [çã æzö V¢ G;B Ò�� çß

³ê~ æz¢ ¾æÚ� ®
. Lanneau[10], Nicklin �[13], Ormiston �

[14], Matsen �[15], Kehoef Davidson[16], Carotenuto �[17], Nakamura

�[6], Thiel" Potter[7], Fan �[18], Dry �[19], Satijaf Fan[20], Shichun �

[9], Leef Kim[21], Clark �[22], Lee[4] �f [çã� Ã&�ö V¢

Ò�� çß³ê& Ã&~º ©b� ��� : ®
. �âö ¾æÂ :

f ?� G;B Ò�� çß³êº [çã� Ã&�ö V¢ 
² Ã&

~&b¾ 'Ë� ·² ¾æÒ
. �f ?f ãËf � 
þ~ [çã æ

zº*(0.055, 0.1 m)& jv' ·V r^b� Òò>î
.

Fig. 6(b)º [çã 0.055 möB ªÖ6b�¦V~ ¸� 0.38 m¢ r

«¶ßW æzö V¢ G;B Ò�� çß³ê~ æz¢ ¾æÚ� ®


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

Â "¯VÚ³ê æzö V� Ò�� çß³ê~ Ã& º�¢ �J~

� ÿ¢� "¯VÚ³êöB Î¾«¶& FCCö j� Ò�� çß³ê

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

�~ �ÚÎ"f �þ ªêÎ"ê ·Ï~� Geldart ª~ B «¶ê~

ãÖ& Ò�� ^�& z �V r^ö Ò�� çß³ê& z �² ¾æ

¾º ©b� Òò>î
.

3-3. V� ç&�"~ jv

æ.ræ �� ��¶
ö ~� Ò�� ^�f Ò�� çß³ê¢ .

G~V *� ç&�
� B�>Ú^ z
. ~æò ��� ç&�
~

&¦ªf V�~ 
þ¶ò¢ V>b� B�B 
þ'� ç&�b�B


� 
þ��öB~ 'Ï&Ë �¦& ®ª«~� ç&�ö �J>æ

pf æ>
ö &�Bº � æzãËj .G� > ìº �6� ®
. 6

� Ò�� çß³êö &� ç&�~ ãÖ Ò��~ ;�(round-nose

slug, square-nose slug)ö V¢ ' æ>~ 'Ë� 
�² ¾æÆ > ®


. Ö"'b� ' ç&�~ jv¢ Û� �� æ>
~ 'Ëö &� .

G &ËW" ç&�~ ;{Wö &� ¦Æ& jº~
.

Fig. 6. Effects of column diameter and particle properties on slug ris-
ing velocity.

Fig. 7. Comparison between measured vertical slug length and calcu-
lated values by previous correlations.
Symbols: measured values, lines: calculated values. (a) (1) Matsen et
al.[1], (2) Shichun et al.[9], (3) Luca et al.[3], (4) Lee[4],(b) (1) Park et
al.[5], (2) Nakamura et al.[6], (c) Matsen et al.[1], (1): Dt=0.055 m,
(2): Dt=0.1 m, Hovmand and Davidson[12], (3): Dt=0.055 m, (4): Dt=
0.1 m.
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Fig. 7f � ��öB G;B Ò�� ^�f V� ç&�
ö ~� ê

ÖB 8j jv~� ¾æÚ� ®
. Fig. 7(a)ö ¾æÂ :f ?� Luca

�[3], Lee[4]~ ç&�ö ~� êÖB Ò�� ̂ �º �²Fÿzç�~

[¸� Ã&ö V� Ò�� ^�~ Ã&ãËf .G� > ®îb¾ F

³æzö V� Ò�� ^�~ Ã& VÞV& G;8ö j� 
² �²

¾æÒb� �~ ;�ç Ò�� ^�& r(-)� ãÖê �Ò~&� G

;¸�~ æzö V� Ò�� ^�~ æzãËj .G� > ìî
.

Matsen �[1], Shichun �[9]~ ç&�f �²Fÿzç�~ [¸� æz

ö V� Ò�� ^�~ Ã&ãËj .G� > ìî
. Fig. 7(b)º Ò�

� ^�ö �~º G;¸�~ 'Ëj �J� Park �[5]" Nakamura

�[6]~ ç&�" � ��öB G;B Ò�� ^�f~ jv¢ ¾æÚ

� ®
. �
~ ç&�f ¸� Ã&ö V� Ò�� ^�~ Ã&ãËj

¾æâ > ®îb¾ G;8ö j� ·² .G>î� �²Fÿzç�~

[¸� æzö V� Ò�� ^�~ æzãËj ¾æâ > ìî
. Fig.

7(c)º Ò�� ^�ö �~º [çã~ 'Ëj �J� Matsen �[1],

Hovmand" Davidson[12]~ ç&�"~ jv¢ ¾æÚ� ®
. V� ç

&�
7 Luca �[3], Lee[4]~ ç&�ê [çã~ 'Ëj �J~&b

¾ Luca �[3]~ ç&�f Ò�� ^�& r>(-)� ãÖ& �Ò~&�

Lee[4]~ ç&�f G;8ö j� "ê~² .G>Ú �âöB B�~

&
. �f ?� Lee[4]~ ç&�� � ��~ 
þÖ"ö j� Ò��

^�& "ê~² .G>º �Fº �
~ ç&�� Geldart ª~ D «

¶êö ³~º �ª¶ «¶¢ ÒÏ~� 
þ� Ö"¢ :ûb� B�

>îV r^b� Òò>î
. Fig. 7(c)ö ¾æÂ :f ?� Matsen �[1],

Hovmand" Davidson[12]~ ç&�f � 
þÖ"fº >&� [çã

� Ã&�ö V¢ Ò�� ^�& Ã&~º ©b� .G~&
. ?f "

¯VÚ³êöB «¶ßW æzö V� Ò�� ^�~ æzö &�Bº

Table 3ö ¾æÂ :f ?� &¦ª~ ç&��(U-Umf)~ �òj �J

~� ÿ¢� "¯VÚF³öB «¶ßW� æ~z¢ê Ò�� ^�~

æz& ìº ©b� .G>� Park �[5]~ ç&�f FCC «¶~ �²

Fÿz³ê& ·bæ� � 
þÖ"fº >&� Î¾«¶ö j� FCC

«¶~ Ò�� ^�& �² .GB
.

Fig. 8f � ��öB G;B Ò�� çß³êf V� ç&�
ö ~

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

Lee[4]~ ç&�f G;8ö j� ·² .G>îb� Dry �[19]~ ç

&�f G;8ö j� 
² �² .G>î
. �Þ Fig. 8(a)ö ¾æÂ

ç&�
f Ò�� çß³êö �~º G;¸�f �²Fÿzç�~ [

¸�~ 'Ëj ¾æâ > ìî
. Fig. 8(b)º Ò�� çß³êö �~

º �²Fÿzç�~ [¸�~ 'Ëj �J� Clark �[22]~ ç&�ö

~� êÖB 8" G;8"~ jv¢ ¾æÚ� ®
. Clark �[22]~ ç

&�j êÖ� ãÖ U*º Hsö F;'b� jf~º ©b� �J~�

êÖ~&
. �
~ ç&�ö ~� êÖB Ò�� çß³êº F³ Ã

&ö V� Ò�� çß³ê~ VÞV& � ��~ G;8" FÒ~&

b¾ G;8ö j� ·² .G>î
. �Þ �
~ ç&�ö ~� .G

8f G;8" >&� �²Fÿzç�~ [¸�& Ã&�ö V¢ Ò�

� çß³ê& 6²~º ©b� ¾æÒb� Ò�� çß³êö �~º

G;¸�~ 'Ëj �J� > ìî
. � 
þöB G;B Ò�� çß

³êº [çã� Ã&�ö V¢ 
² Ã&~º ©b� ¾æÒb� Table

4ö ¾æÂ &¦ª~ ç&�
� � 
þÖ"f FÒ~² [çã� Ã

&�ö V¢ Ò�� çß³ê& Ã&~º ©b� .G>îb¾

Nakamura �[6]~ ç&�~ ãÖ [çã� Ã&�ö V¢ Ò�� ^�

& 6²~æ� Ò�� çß³êê 6²~º ©b� .G>î
. �Þ

Ò�� çß³êö �~º «¶ßW~ 'Ë~ ãÖ &¦ª~ ç&�


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

� Ò�� çß³ê~ æz¢ .G� > ìîb¾ Ò�� ^�~ 'Ë

j �J� Nakamura �[6]~ ç&�~ ãÖ � 
þÖ"f FÒ~²

ÿ¢� "¯VÚF³öB Î¾~ Ò�� çß³ê& FCCö j� �²

.G>î
. �Þ «¶�Vf «¶&ê~ 'Ëj �J� Fan �[18],

Satijaf Fan[20], Leef Kim[21]~ ç&�f � 
þÖ"fº >&�

ÿ¢� "¯VÚF³öB FCC~ Ò�� çß³ê& Î¾ö j� �²

.G>îº�, �º �
� ÒÏ� «¶º "� Geldart ª~ D «¶ê

ö ³~º «¶
�ÚB «¶�Vf «¶&ê& Ã&�ö V¢ square-

nose slug~ ;�¢ <² >Ú Ò�� çß³ê& 6²~º ©b� .

GB
.

Ò�� ^�f Ò�� çß³êö &� V�~ ç&�j Ò�~� &

¦ª~ ç&�
� Ò�� ^�f Ò�� çß³êö �~º F³, G

;¸�, �²Fÿzç�~ [¸�, [çã 5 «¶ßW~ 'Ëj «�

'b� �J~Vöº ��~&
. V¢B Ò�� ^�f Ò�� çß³

êö �~º �� æ>
~ 'Ëö &� º&'� 
þ 5 �V" �þ

�� &æ æ>
~ 'Ëj «�'b� �J� > ®º î�Ú Î� 6

º ç&�~ B�& jº� ©b� Òò>î
.

4. Ö �

� ��~ 
þº*öB áÚê Ö�j º£~� 
r" ?
.

(1) Ò�� ^�º F³, G;¸�f �²Fÿzç�~ [¸�& Ã&

�ö V¢ Ã&~&b¾ [çã� Ã&�ö V¢ 6²~&
.

Fig. 8. Comparison between measured slug rising velocity and calcu-
lated values by previous correlations.
Symbols: measured values, lines: calculated values. (a) (1) Lanneau
[10], (2) Nicklin et al.[13]-angular slug, (3) Nicklin et al.[13]-axial slug,
(4) Fan et al.[18], (5) Dry et al.[19], (6) Satija and Fan[20], (7) Shi-
chun et al.[9], (8) Lee and Kim[21], (9) Lee[4]. (b) Clark et al.[22].
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(2) Ò�� çß³êº F³, G;¸�f �²Fÿzç�~ [¸�&

Ã&�ö V¢ Ã&~&b� [çã� Ã&�ö V¢ 
² Ã&~º ã

Ëj ¾æÚî
.

(3) ÿ¢� "¯VÚ³êöB Ò�� ̂ �f Ò�� çß³êº Geldart

ª~ B «¶êö ³~º Î¾«¶~ ãÖ& �² ¾æÒ
.

(4) ^òö ��B Ò�� ^�f Ò�� çß³êö &� 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
.

ÒÏV̂

BL : contact time between slug and lower couple of pressure taps [s]

Bm : average contact time between slug and pressure taps [s]

BU : contact time between slug and upper couple of pressure taps [s]

davg : average height of HU,avg and HL,avg [m]

dp  : particle diameter [mm]

dp : mean particle diameter [mm]

Dt : column diameter [m]

g : gravitational acceleration, 9.8 [m/s2]

H : height above distributor [m]

HL,avg : average height of lower couple of pressure taps [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]

HU,avg : average height of upper couple of pressure taps [m]

ln : lag number [-]

Ls : average vertical slug length [m]

n : number of data [-]

N : number of pressure fluctuation signal [-]

U : superficial gas velocity [m/s]

U* : dimensionless measure of particle velocity, U[ρg
2/µ(ρp−ρg)g]1/3 [-]

Umf : minimum fluidizing velocity [m/s]

Us : slug rising velocity [m/s]

xn : n-th value of pressure signal [mmH2O]

yn+ln : n+ln-th value of pressure signal [mmH2O]

�Ò�Ê ^¶

φxy : cross-correlation function between x(t) and y(t+τ) [mmH2O
2]

φs  : sphericity of particle [-]

ρg : gas density [kg/m3]

ρp : apparent particle density [kg/m3]

τm : average time delay between upper and lower signal [s]
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