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º £

VÚ Fÿ[öB �² Ò�k ³êf Ò�� ßWö �~º [ Nê~ 'Ëj �Ò~V *~� *V� &�>º �N F

ÿ[(0.1 m i.d., 2.1 m height, 12 kw)öB FCC «¶(ï� «ã 0.071 mm, «¶ &ê 1,600 kg/m3)¢ ÒÏ~� F³, [ Nê

~ æzö V� �² Ò�k ³êf Ò�� ßW(Ò�� çß ³ê, Ò�� ^�, Ò�� nê)j G; 5 �V~&
. Fÿ

z VÚ�º �V¢ ÒÏ~&
. VÚ F³f �² Fÿz ³ê�¦V 0.15 m/sræ, [ Nêº 25oC¦V 400oCræ æz

>î
. V� _f Ò�� ßWf '' 2B~ �7� {K6
� �Ö>º v B~ N{ æ~V¢ �Ï~º N{»b� G

;~&
. [ Nê& Ã&�ö V¢ �² Ò�k ³êf Ò�� ^�º Ã&~&b�, Ò�� nêº 6²~º ãËj ¾æ

Úî
. Ò�� çß ³êº [ Nê& Ã&�ö V¢ Ã&~&b�, [ Nê& �JB Ò�� çß ³êö &� ç&�j B

�~&
.

Abstract − In order to understand the effect of temperature on slug properties, the onset velocity of slugging and slug prop-

erties(slug rising velocity, slug length, slug frequency) have been measured with variations of gas velocity and temperature in a

electrically heated gas fluidized bed(0.1 m i.d., 2.1 m height, 12 kw). Air was used as fluidizing gas and FCC particle(specific

surface mean diameter: 0.071 mm, apparent density: 1,600 kg/m3) as bed material. The gas velocity was varied from minimum

fluidizing velocity to 0.15 m/s and the bed temperature from 25oC to 400oC. The bubble or slug properties were measured

with the differential pressure method using two differential pressure transducers connected with a couple of adjacent pressure

taps, respectively. As the bed temperature increased, the minimum slugging velocity, slug rising velocity, and slug length

increased whereas the slug frequency decreased. A correlation for the slug rising velocity, which expresses the effect of bed

temperature, was proposed.

Key words: Temperature, Slug, Properties, Gas, Fluidized-Bed

1. B �

VÚ Fÿ[~ ªÖ6öB �WB V�º çß~�B B�~ Ïòö

~�B �Ú>Ú WË~�, F³� Ã&�ö V¢ V� �V& Ã&~

� î�Ú V�~ çã� [ çã" ?jæº *çj ��º�, �¢ Ò

�k(slugging)�¢ ~� B�� V�~ ;�¢ Ò��(slug)¢� �
.

Ò�k Fÿ[ '�öBº V� Fÿ[ö j� [~ �¢� b��

&~>Ú >wV WË~ &~& .¾>�, &; Fÿ[ >wV~ ãÖ

öº Ò��& [j Û"~�B ¢Ú¾º {K ºÿö ~� >wV J

jö Vê'� ÏÏ� &�æº 7º� �6� ®
. �Þ �; BB �

êöB ÒÏ>º 
þ
 �Î¦V pilot �Îö ��~º ²�Î Fÿ[

öBº Ò�k '�� z® ;WB
. Ö"'b� çÏ Fÿ[ >wV

öB Ò�k~ B�j Oæ~V *�B _f BBB ²�Î Fÿ[ >

wV~ '.� scaleupj *�Bº Ò�k '�~ vª ßWö &� �

�& 
Ö 7º~
.

Ò�k '�~ vª ßWö &� ��º V�'b� Ò�k *ç~

�· ³ê, Ò�� nê, Ò�� ^�, Ò�� çß³ê �~ Ò�� ß
†To whom correspondence should be addressed.
 E-mail: choijhoo@konkuk.ac.kr
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W~ö &� �Cj ~��
. �Þ Ò�k '�ö &� V�~ ��º

�~ çNöB �� Ö"��, 
B >wVö 'ÏF > ®º �N '

�öB ��B 
þ ¶òº �® ¦�~
. V¢B �² Ò�k ³ê 5

Ò�� ßWö �~º Nê~ 'Ëj �
 ª«~² �«~º, 
B >

wV ��ö 'ÏF > ®º 
þ¶ò~ »'" �C� jº~
.

�² Ò�k ³êº F³� Ã&�ö V¢ V� _f Ò�� nê&

Ã&~� �& 8j �� ê 6²~V �·~º F³b� ;�
[1-3].

�² Ò�k ³êö &�B ��B ��º Fatahf Flamant[2]~ ��

¢ B�~� Îv çNöB «¶ßW, [ çã, G; ¸�~ 'Ëö &

�B >¯>î
[1, 3-7]. Fatahf Flamant[2]º çã 0.1 m~ Fÿ[öB

«¶ �V 1.18-3.57 mm, «¶ &ê 3,950kg/m3~ «¶(Geldart classification,

D)¢ ÒÏ~� 20-700oC~ Nê æzö V� �² Ò�k ³ê~ æz

¢ G;~&� Nê& Ã&�ö V¢ �² Ò�k ³ê& 6²~º ©

b� ��~&
.

Ò�� nêö &�B ��B ��º &¦ª çNöB «¶ßW, [

çã, Fÿ[ ¸�, G; ¸�, F³, VÚ ªVV~ 'Ëö &�B >¯

>î
[1, 3, 7-14]. Ò�� çß ³êö &� V�~ ��ê "� çN

öB F³, «¶ ßW, [ çã, Fÿ[ ¸� �~ æ>¢ �J~&b�

[9-11, 13-19], Ò�� ^�ö &� V�~ ��ê "� çNöB F³,

«ê, [ çã, G; ̧ �, Fÿ[ ̧ � �~ 'Ëj �J~&
[7, 9, 11, 13,

20-22]. V¢B Ò�� nê, çß ³ê, ^�ö &� V�~ ç&�öB

Nê~ 'Ëf �Û'b� �² Fÿz ³ê~ �b�ò �JF > ®

º ;ê�
.

� ��º 
B Fÿ[ >wV~ �ë ��� �N '�öB �² Ò

�k ³êf Ò�� ßW~ö &� Nê~ 'Ëj �V~º ©j Ï'

b� >¯>î
. Ò�k Fÿ[ '�öB Nêf F³ö V� �² Ò

�k ³êf Ò�� ßW(Ò�� ^�, Ò�� nê, Ò�� çß ³ê)~

æzö &� 
þ' �Vj >¯~&
.

2. 
 þ

� ��ö ÒÏB Fÿ[ 
þ Ë~~ BÛ'� vªêº Fig. 1ö ¾

æ¾ ®
. Fÿ[f Úã 0.1 m, vþ 0.006 m� Êr�.Ê(SUS 316)

&b� B·>îb�, ¸� 0.5 mÜ2 ea, 0.58 m, 0.38 m, 0.04 m ' 1

B¢ 2Âæ� �Ö~� C ¸�& 2.1 m& >ê� ~&
. [ &� Ë

~º Ïï 6 kw(Max. 800oC) �Ïj <º öÛ; 
Ö®V 2B¢ Ò

Ï~&b�, Fÿ[~ � ¶
j �²z~V *�B Fÿ[~ �ãf

ceramic wool(vþ 150 mm)� ��~&
. Fÿz VÚº plenum(SUS 316)

ö *~� >ï&(32 mm-I.D.)b� "«>ê� ~&
. ªVV(distributor)

º multi-tuyere ;b� çã 20 mm tuyere 4Bö '' 3 mm JÒbÊ

12B¢ V~~&b� «¶~ Û"¢ Oæ~V *� Ú(ASTM 200 mesh)

¢ z~
.

VÚ Â�(0.05 m I.D.)º ªÖ6b�¦V 1.97 m ̧ �ö *~~�, V

Úº çR� �ÖB 1, 2N Ò���(standard proportion: ''~ Úã

f 0.1, 0.075 m)" WjV(çëÏ Nomex filter)¢ �öB &V� VÂ

>ê� ~&
. Fÿz VÚ�º �V& ÒÏ>îb�, 75 Nm3/h(15 hp)

~ Ïïj <º {»V� �/>�, {K �.V(regulator)f >ª B�

Ï prefilter¢ �� ê, Fïê(10, 1, 0.12 Nm3/hr)� ;ï>Ú Fÿ[ö

�/>î
.

Fÿ[~ » OË {K ª�¢ G;~V *� ªÖ6b�¦V 14B(−0.05,

0.02, 0.10, 0.15, 0.24, 0.29, 0.335, 0.385, 0.48, 0.53, 0.58, 0.835, 1.29,

1.97 m)~ {K6j v� {K æ~Vf �Ö~&
. » OË Nê ª�

º ªVV�¦V ̧ � −0.05, 0.02, 0.10, 0.53, 0.84, 1.29, 1.97 mö J~B

K-;(chromel-alumel) �*&(thermocouple)f datalogger(Molytech, Model

2702)ö ~�B �³'b� G;>î
. Fÿ[ö J~B {K6öB~

{K �^º N{; {K æ~V(differential pressure transducer, Validyne,

Model P24D; ±1400, ±560, ±200, ±100 mmH2O)¢ ÒÏ~� *{(−5 V~

+5V)-�* �^� :ÞÚ ¶ò >÷ê(data acquisition system, real time

devices Inc. Model AD2110)¢ �öB PCö &Ë>î
. {K ºÿ �

^º 100 Hz~ "2>� 100. ÿn 10,000B~ ¶ò¢ >÷~&
. F

ÿz ç�öB Fÿ[ Ú¦~ {K ª�& n;>�, [ Ú Nê ª�&

¢;� 
þ ��ö ê�>îj r¢ Fÿ[~ ;ç ç�� *"~&
.

Fÿ[Ú «¶~ �;[ ¸�º 0.8 m� Fæ>î
. [ bî�º >

w~æ pf FCC «¶¢ ÒÏ~&b�, «¶~ apparent densityº 1,600

kg/m3, bulk densityº 847 kg/m3�î
. R«� j�Ú çN Fÿ[ö

B G;B �² Fÿz ç�öB [ ���f 0.47�î
. «ê ª�º

"� 0.15 mm �~� «êê Z² ªNj �J� j��' ï� «ê

(specific surface mean diamter)º 0.071 mm�î
. Geldart ª~ö ~

~� A «¶ö ��~&
. Table 1f FCC «¶~ «ê ª�¢ ¾æÞ
. 

Baeyensf Geldart[1]~ ç&�ö ~~� � 
þ~ Fÿ[öB Ò�

�& �W>º ¸�º ªÖ6b�¦V 0.19 m��, �Úö ~� WË�

Z²ê n;'� Ò��& ;W>º ¸�º 0.8 m��, ¸� 0.19 m¦

V 0.8 mræº Ò��& �Úö ~�B WË~º '��
. � 
þö

Fig. 1. Schematic diagram of the experimental setup.
1. Air compressor 19. Diverter
2. Filter 10. Sample pot
3. Pressure regulator 11. Rotary valve
4. Flowmeter 12. Heater
5. Electrically heated fluidized bed 13. Differential pressure transducer
6. Cyclone 1 14. A/D converter
7. Cyclone 2 15. Personal computer
8. Bag filter 16. Data logger

Table 1. Size distribution of FCC

Sieve size range[µm] −425+300 −300+212 −212+150 −150+106 −106+75 −75+53 −53+0

Weight fraction 0.004 0.006 0.015 0.172 0.450 0.244 0.109
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Bº ¸� 0.335 mf 0.385 m, 0.48 mf 0.53 m~ {K6ö N{ æ~

V¢ '' �Ö~�(ï� ¸� 0.433 m) Ò�� ßW~ G;j >¯~

&
. Fig. 2º 
B� G;B *;'� {K ºÿ �^¢ ¾æÞ
.

G;B ç~ {K ºÿ �^º Ò�� ßW~ êÖö �BB *¾Ò

>î
. b& *Ú �^(100 s)¢ 10B~ �*b� ¾*Ú ' �*öB

�² ¶ß»ö ~� F; ²æ ªC(linear regression)j >¯~� �¢

�Ï~� �^~ ãËWj B�� "î
. ãËW� B�B ' �*~

�^º V& *{(base line) �ç~ �&ç(emulsion phase)" �~~

V�ç 6º Ò��ç(bubble phase or slug phase)b� �ª>î
. V

& *{(base line)f V� 6º Ò�� �^f �Úç~ �^& «{~

² �ªF > ®ê� ' �* �^~ ï�8b� Ö;~&
. {K �

^ö ®ÚB V& *{(base line)ö 
f �*(0.03 s �~) ÿn Ú�

�~º �^º Çr(noise)b� *">Ú B�>î
.

V� _f Ò�� nêº *¾ÒB ç~ {K æ~V �^öB V�

6º Ò�� çö ³~º �^~ �* �*� ï�>� êÖ>î
. Ò

�� çß ³ê(Us)º *¾Ò Ñ �êöB ãËWò B�B ç~ {K

�^~ cross-correlation functionj êÖ~� � 8� �&& >º �*

j ï� �* æ�(time delay, td)b� b& Ö;~�, ç~ N{ G;6


Ò�~ �Ò(0.145 m)¢ td� ¾*Ú(Us=0.145/td) Ö;~&
[16, 19]. Ò

�� ^�º Ò�� çß ³êf {K6� Ò��f 7/� �*~ �

b� êÖ>î
. Ò��f 7/� �*f ç~ �^öB Ò�� çö

³� C* �*j C* Ò�� >� ¾*Ú � B~ Ò�� çö ³~

º ï� �*b� êÖ>î
. 

3. Ö" 5 �V

3-1. �² Fÿz ³ê

Fig. 3f � Fÿ[~ Nê¢ æz�Ê� G;B �² Fÿz ³ê¢

¾æÞ
. �² Fÿz ³êº Nê& Ã&�ö V¢ 6²~º ãËj

¾æÞ
. çNb�¦V 100oC� [ Nê& Ã&� r &Ë /Ï� 6

²¢ ¾æÚî
. � ��öB ÒÏB FCCf ?f �^ «¶(Geldart

group A, B «¶)~ ãÖöº «¶ö ·Ï~º 6WK(viscous force) �

� &WK(inertia force) �ö j�B æV'�V r^ö �² Fÿz ³

êº Nê& Ã&�ö V¢B 6²~º ãËj ��² B
[23].

3-2. �² Ò�k ³ê

Fig. 4º �² Ò�k ³ê¢ Ö;~º � .� [ Nê 200oC~ ãÖö

F³j Ã&�Ê� G;B V� _f Ò�� nê~ æz¢ ¾æÚ�

®
. V� 6º Ò�� nêº F³� Ã&�ö V¢ Ã&~� �& 8

ö ê�� ê 6²~º ãËj ¾æÚ� ®
. V� Fÿ[ '�öBº

F³� Ã&~� "¯ �Vï� Ã&~� V� nê& Ã&�
. ê³

'b� F³� Ã&~� V� �V& Ã&>Ú [� Ò�� '�ö ê

�>�, Ò�� '�öBº F³� Ã&�ö V¢B Ò�� nê& 6

²~º ãËj ¾æÚ�, V� _f Ò�� nê& �& 8j ¾æÚº

F³j �² Ò�k ³ê� ;�
[1-3]. 

Fig. 5º G;B �² Ò�k ³ê¢ [ Nêö V¢ ¾æÞ
. �²

Ò�k ³êº [ Nê& Ã&�ö V¢B Ã&~º ãËj ¾æÚî


. � Ö"º 
r" ?� J«F > ®î
. � 
þöB ÒÏB FCC

Fig. 2. Typical differential pressure fluctuation signals from the lower
and upper differential pressure transducers(Tb=100oC).

Fig. 3. Temperature versus measured minimum fluidizing velocity.

Fig. 4. Gas velocity versus bubble or slug frequency(Tb=200oC).
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«¶~ ãÖö �² Fÿz ³êº [ Nê& Ã&�ö V¢B 6²~

º ãËj ¾æÚî
(Fig. 3). Choi �[24]~ ��ö ~~� �² Fÿ

z ³ê& 6²~� V�~ ªê(breakage) nê& Ã&~� V�~ �

V& ·jæ�, Ö"'b� Ò��& Â*~º �² Ò�k ³êº Ã

&~² B
. �Þ Fatahf Flamant[2]º çã 0.1 m~ Fÿ[öB «¶

�V 1.18-3.57 mm, «¶ &ê 3,950 kg/m3~ «¶¢ ÒÏ~� 20-700oC

~ Nê æzö V� �² Ò�k ³ê~ æz¢ G;~&b�, Nê&

Ã&�ö V¢ �² Ò�k ³ê& 6²~º ©b� ��~&
. �


~ [ «¶º ï� «ã 2.375 mm� Geldart D «¶ö ³~º � «¶

��, � «¶~ �² Fÿz ³êº «¶ö ·Ï~º 6WK(viscous force)

��
º &WK(inertia force) �� �R æV'�ÚB Nê& Ã&�

ö V¢ Ã&~² B
. Choi �[24]~ ��ö ~~� �² Fÿz ³

ê& Ã&~� V�~ ªê nê& 6²~� V�~ �V& 
æ�, Ö

"'b� Ò��& Â*~º �² Ò�k ³êº 6²~² B
. Ö"

'b� � ��~ Fÿ[" Fatahf Flamant[2]~ Fÿ[f �² Fÿ

z ³êf �² Ò�k ³êö ®ÚB Nê~ æzö &�B B� >&

~ ãËj ¾æÚº "�'b� *& 
� ßWj &öj r > ®î
.

Fig. 5º V�~ ç&�
[1-7]� .G>º �² Ò�k ³êf � �

�öB G;B 8~ jvê ¾æÞ
. �âöB ¾æÚº ©" ?� j

vB Î� V�~ ç&�
f � ��~ Ö"f ç>B Nê 'Ëj ¾

æÚî
. V�~ ç&�
f Fatahf Flamant[2]~ ç&�j B�~�

Îv çN Fÿ[ 
þ Ö"�¦V áÚr
. Ö"'b� V�~ ç&

�b�º �² Ò�k ³êö &� Nê~ 'Ëj ¾æâ > ìrj �

�&
.

3-3. Ò�� çß ³ê

Fig. 6f Ò�k '�öB Ò�� çß ³ê¢ [ Nêf F³~ æz

ö V¢ ¾æÞ
. Ò�� çß ³êº F³� Ã&�ö V¢B Ã&~

�, [ Nê& Ã&�ö V¢B Ã&~º ãËj ¾æÚî
. ¢;� [

NêöB F³~ Ã&º "¯ VÚ ³ê(U-Umf)¢ Ã&�Ê� V¢B

Ò�� çß ³êº Ã&B
. ¢;� VÚ F³öB [ Nê& Ã&~

� �² Fÿz ³êº 6²~� £*~ "¯ VÚ ³ê(U-Umf)~ Ã&

Î"& ®
. 6 Choi �[24]~ ��ö ~~� �² Fÿz ³ê& 6

²~� 
î'b� "¯ VÚ ³ê(U-Umf)~ Ã& Î"& ®j > ®
.

Ö"'b� �f ?f ��'� Î"ö ~�B Ò�� çß ³êº Ã

&~º ©b� ÒòB
.

Fig. 6öBº V�~ ç&�ö ~�B êÖB Ò�� çß ³êf �

��~ G;8" jv~ � .� � G;8" &Ë "7� 8j .G~

º Dry �[17]~ ç&�"~ jvê ¾æÞ
. ç&�
 7öB Satija

f Fan[10], Fan �[16], Leef Kim[19]~ ç&�
f Nê 'Ëö ®

ÚB � �� Ö"f >&~ ãËj ¾æÚî
. � <~ ç&�


[9, 11, 13, 15, 17, 18]f � �� Ö"f ?� Nê& Ã&�ö V¢ Ò

�� çß ³ê& Ã&~º ãËj ¾æÚî
. ��¾ �â~ .öB

¾æÚº ©" ?� jvB Î� ç&�b� .G>º Nê~ 'Ëf


þ 8ö j�B 
Ö ·² ¾æÒ
. �º jvB Î� ç&�
� ç

NöB G;B 8j V>b� áÚr�, Nê~ 'Ë� �² Fÿz ³

ê �òb� �*>V r^b� Òò>î
.

Fig. 7f (U−Umf)f (Us−0.35 )~ &ê¢ ¾æÞ
. �âöB ¾

æÚº ©" ?�(Us−0.35 )º (U−Umf)~ æzö V¢ �~ F;

b� Ã&~º ãËj ¾æÚ� � VÞVº Nê& Ã&�ö V¢ Ã

&~&
. Fig. 8f (U−Umf)f (Us−0.35 ) Ò�~ &êöB VÞV

gDt

gDt

gDt

Fig. 5. Bed temperature versus minimum slugging velocity. Symbol:
values measured in this study, lines: correlations. −: Stewart and
Davidson[4], …: Baeyens and Geldart[1], ---: Broadhurst and
Becker[5], −−−: DiMattia et al.[3], −−−: Fatah and Flamant[2],
−·−: Luca et al.[7], −··−: Lee and Kim[6].

Fig. 6. Gas velocity versus slug rising velocity. Symbols: values measured
in this study, lines: correlation of Dry et al.[17].

Fig. 7. U−Umf versus Us−0.35 .gDt
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k1j Nêö V¢ ¾æÞ
. �âöB ¾æÚº ©" ?� k1f Nê~

æzö V¢ �~ F;b� Ã&~&
. Ö"'b� Nê~ Ã&ö V

� Ò�� çß ³ê~ Ã&öº öfb ç~ �Ú �ÿ ßW~ æz

'Ë� ��>º ©b� Òò>î
. Nê~ 'Ë� �JB Ò�� ç

ß ³êö &� ç&�f 
r" ?� �*>î
.

where Tb=bed temperature[oC] (1)

çN(25oC)öBº Us=1.2(U−Umf)+0.35 � V�~ ç&�[25]"

FÒ~&
.

3-4. Ò�� ^�

Fig. 9º Ò�� ^�¢ [ Nêf F³~ æzö V¢ ¾æÞ
. Ò

�� ^�º 
² V�f ®b¾ F³� Ã&�ö V¢B Ã&~�, [

Nê& Ã&�ö V¢B Ã&~º ãËj ¾æÚî
. ¢;� [ Nê

öB F³~ Ã&º "¯ VÚ ³ê(U−Umf)¢ Ã&�BB Ò�� çß

³ê& Ã&B
(Fig. 6). Ò�� çß ³ê~ Ã&º ç~� �7� Ò

��
 7 ÊV�º Ò��~ ç& ³ê¢ Ã&�BB Ò�� Ò�~

�Ú¢ Ã&�Ê� � Ö" Ò�� ^�¢ Ã&�Êº ©b� ÒòB


. ¢;� VÚ F³öB [ Nê& Ã&~� Ò�� çß ³êº Ã

&>�(Fig. 6), *f ?f Î"� Ò�� Ò�~ �Ú¢ Ã&�BB Ò

��~ ^�¢ Ã&�Êº ©b� ÒòB
. �Þ Nê& 200oCöB

300oC� Ã&� r Ò�� ^�& ß® z �² Ã&~º ãËj ��
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Fig. 8PP Bed temperature versus k1.

Fig. 9. Gas velocity versus slug length. Symbols: value measured in this
study, lines: correlation of Nakamura et al.[9].

Fig. 10. Gas velocity versus slug frequency. Symbols: value measured in
this study, lines: correlation of Nakamura et al.[9].
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ÒÏV̂

Dt : column diameter [m]

g : gravitational acceleration, 9.8 [m/s2]

k1 : coefficient [-]

Tb : bed temperature [oC]

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

U : superficial gas velocity [m/s]

Umf : minimum fluidization velocity [m/s]

Ums : minimum slugging velocity [m/s]

Us : average slug rising velocity [m/s]
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