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º £

âç B~Fÿ[~ çß&(Úã� 0.102 m�� ¸�& 3.5 m)öB VÚ-�Ú ¦bbî*� ê>(kLa)~ ßWj �V~&
.

VÚ(0.01-0.09 m/s) 5 �ÚF³(0.12-0.43 m/s), �ÚB~³ê(2-8 kg/m2s) �Ò� �Ú Fÿ«¶~ �V(1.0-3.0 mm)& VÚ-�

Ú ¦b bî*� ê>ö �~º 'Ëj ¦Æ~&
. VÚ-�Ú bî*� ê>º Ï�Ö²~ »OË ³ê ª��¦V »OË ª

Ö Î�ö ~� �~&
. b" �"B {»�V �Ò� &ê& 2,500 kg/m3� FÒ�Òj �Úç, VÚç �Ò� Fÿ �Ú«

¶� '' ÒÏ~&
. çß&öB VÚ~ F³� VÚ-�Ú ¦b bî*� ê>~ Ö;ö &Ë 7º� º²� ¾æÒ
. ̄ , ¦

b bî*� ê>º VÚF³� Ã&�ö V¢ Ã&~&b¾, �Ú F³~ æzö V¢Bº Fÿ«¶~ �V& jv' � 1.7-

3.0 mm~ Fÿ[öB �² æz~æ p~
. 
ò, Fÿ«¶~ �V& 1 mm� ãÖöº �ÚF³� Ã&�ö V¢ kLa 8� £

* Ã&~º ©b� ¾æÒ
. VÚ-�Ú ¦b bî*� ê>º �ÚB~³êf Fÿ«¶~ �V& Ã&�ö V¢ Ã&~º ©

b� ¾æÒ
. VÚ-�Ú bî*� ê>º � ��~ 
þº*öB Ú*æ>f ZNö�~ �>� '' ¾æâ > ®î
.

Abstract − Characteristics of gas-liquid volumetric mass transfer has been investigated in a riser of three-phase circulating

fluidized bed(0.102 m ID and 3.5 m in height). Effects of gas(0.01-0.09 m/s) and liquid(0.12-0.43 m/s) velocities, solid circu-

lation rate(2-8 kg/m2s) and fluidized particle size(1.0-3.0 mm) on the volumetric gas-liquid mass transfer coefficient have been

examined. The mass transfer coefficient has been recovered from the concentration profile of dissolved oxygen in the axial direction

of the riser by means of axial dispersion model. Tap water, filtered and compressed air and glass bead whose density is

2,500 kg/m3 were employed as a liquid, gas and solid phase, respectively. It has been found that the gas velocity is a important

factor to determine the value of mass transfer coefficient; the mass transfer coefficient increases with increasing gas velocity but

it dose not change considerably with the variation of liquid velocity in the beds of relatively large particle(dP: 1.7-3.0 mm),

although the kLa value increases slightly with increasing UL in the beds of 1 mm glass bead. The value of mass transfer coef-

ficient increases with increasing solid circulation rate as well as particle size. The mass transfer coefficient has been correlated

as a function of operation variables as well as dimensionless groups.

Key words : Three-Phase Circulating Fluidized Bed, Gas-Liquid Mass Transfer, Mass Transfer Coefficient, Axial Dispersion-

Model, Correlation

1. B �

âç B~Fÿ[f Fÿ«¶& VÚ, �Ú, �Ú~ âç� v�º ç

ß&öB çß~� ~;&j �ö ÒB~>º ê�æ�, Fÿ«¶~ �

V¾ &ê �Ò� bÒ' ßWö &êì� VÚf �Ú~ F³j ¶F

�² �.� > ®ÚB âç~ 7/ÎNj �&z~�Bê V�~ â

ç Fÿ[" jv~� �Ú~ F³ 5 Fÿ�Ú «¶~ �V, &ê �

Ú*��j 
Ö {Ë� > ®
º � Ë6j &æ� ®
[1-3]. öò

jî¢, âç B~Fÿ[f Fÿ«¶¢ çß&" ~;&j Û~� B

~�Ê�B Fÿ«¶~ ��¾Ò¾ &� �� Ï�~� çß&öB V

Ú¾ �Ú �" 7/~� j�WzB /
¾ �O, �>B
~ Ò�W
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zö 
Ö Î"'b� 'Ï� > ®ÚB âç Fÿ[ >wV¾ 7/V

�Ò� �>¾ �O�;j 
Ö ÎN'b� >¯� > ®º ©b� r

Jæ� ®
[4-7]. 6�, &¦ª~ �b�;�¾ >wVöBº Fÿ«

¶& 
�W�� &ê& ·j âçFÿ[j ÒÏ� ãÖ Fÿ«¶~

�²Fÿz³ê& 
Ö ·bæ� �ö V� �Ú~ F³�.� *Ú

>w~ *~Nö �~º 'Ë� 
B � B£��� ôj ÒÏö �

B�j Ajzb¾, âç B~Fÿ[j ÒÏ�b�� �f?f B�6

j ��� > ®
 ~Æ
. ��¾, âç B~Fÿ[ö &� ��º �

ÚÁ�¢ ï�~� �B �·�êö ®b� �¢ �;ö wÏ~Vö

º >K�' ßW" � 5 bî*� � *�*çö &� ;�& 
Ö

Zº~
 ~Æ
[8-10].

V¢B, � ��öBº âç B~Fÿ[~ çß&öB VÚf �Ú*

~ bî*�ßWj �V~&b�, VÚf �ÚF³, Fÿ«¶~ B~³

ê �Ò� Fÿ«¶~ �V �� VÚ-�Ú*~ ¦b bî*� ê>ö

�~º 'Ëj �«~&
. � ��~ Ö"º âç B~Fÿ[ >wV

¾ 7/V~ Ú*�¾ Jê �Ò� BÚ �ö j>'� ��' ¶ò¢

B�� > ®j ©b� ÒòB
.

2. 
 þ

� ��~ 
þö ÒÏ� âç B~Fÿ[(Circulating Fluidized Beds)

~ çß&f çã� 0.102 m�� ¸�& 3.5 m� j�Ú &j ÒÏ~

&
[3, 9-10]. âç B~Fÿ[f Fig. 1öB �º :f ?� �Ú«¶

¢ Fÿz~� FÂ�Êº çß&" çß& ç¦~ VÚ-�Ú-�Ú ª

Ò¦, �Ú«¶¢ &Ë~º hopper, �Ò� �Ú«¶¢ ¢;� B~³

ê� 
� çß&ö "«�Êº Ú¦ loop-seal� �W>Ú ®
. �Ú

�³ç~ ªÖ6f 
�6 ;�¢ ÒÏ~&º�, çã 3 mm~ �sj

â'b~� �¢~² V~~&b� VÚªÖç~ "«j *� �Ú�

³ç ªVVö çã 6.35 mm~ &j ã«~� Ï7� ê � &ö çã

1 mm~ JÒbÊ¢ ò
Ú VÚ ªÖç" �Ú�³ç� ÿ¢�öB F

ÿ[ Úö "«>ê� ~&
.

�³ç� �Ú�º çN~ bj, ªÖç� VÚ�º �"B {»�V¢

ÒÏ~&�, �Ú«¶�º çã� 1.0, 1.7, 2.1, 3.0 mm�� &ê&

2,500 kg/m3� FÒ�¢ ÒÏ~&
. Loop-seal~ ~¦f G�öBº ¢

;� F³~ �Ú¢ "«~� çß&b� 
� F«>º �Ú~ ·j

�.~&�, B~>º �Ú~ ·f butterfly valve¢ �Ï~� 
þ'b

� G;~&º�[3, 8-10] � 
þöB �ÚB~³ê~ º*º 2-8 kg/

m2s�
.

� ��~ "º 
þæ>�º VÚF³(0.01-0.09 m/s), �ÚF³(0.12-

0.43 m/s), �ÚB~³ê(2-8 kg/m2s) 5 «¶�V(1.0-3.0 mm)¢ F;~

&b�, âç B~Fÿ[~ çß&öB VÚ-�Ú ¦b bî*� ê>~

Ö;f �³ç~ »OË Ï�Ö²ïj G;~� »OË ªÖÎ�j '

Ï~� �~&
[6, 11-12]. âç B~Fÿ[~ çß&ÚöB �ç~ »

OË Ï�Ö²ï~ æz¢ G;~V *~� çß&~ �ÚFÿ«¶&

ÒB~>º ÒR«��¦V 0.3 m~ ¸�öB¦V �ÚFÿ«¶ Ò R

«�~ �f Þ ã�ö 0.3 m ̧ �ö V¢ 7B~ �Ú�ò sampling tap

j J~~&
. ¢;
þ ��öB �ç~ �òj�º çß&~ »OË

' *~öB �òj� ^2& ¢;�* ÿ�ö �Òê� solenoid valve

f V-� ªÒV¢ ÒÏ~� j�~&
. j�B �ò~ Ï�Ö²ï G

;f çNöB v>>º DO-meter(YSI Inc. 59BC-115V)¢ ÒÏ~�

G;~&
.

� ��öBº âçFÿ[�¾ V�÷~ bî*� ßW��ö 'Ï

>ÚN »OË ªÖ Î�j 'Ï~&
. � Î�ö ~~� ;çç�ö

B Ï�Ö²~ bî>æ�¦V áj > ®º � (1)" ?� ¾æâ > ®

º�[6, 11-12].

(1)

at

(2)

at

(3)

�VB, Pe*º Peclet >� ULL/DZεLf ?� ;~>� St*º Stanton >

� (kLa)L/ULf ?� ;~B
. �Þ xº ZNö ^�¢, �Ò� C*

º Ï�Ö²~ ï;³ê¢ ¾æÞ
. V¢B, "Úê Ú*��öB ç

ß&~ »OË æ*~ æzö V� Ï�Ö²~ ·j G;~� � (1)�

¦V St*>~ 8j �~� VÚ-�Ú ¦b bî*� ê>¢ �~&
.

 

3. Ö" 5 �V

âç B~Fÿ[~ çß&öB » OË ¸�ö V� Ï�Ö²~ ³ê

ª�~ .¢ Fig. 2ö ¾æÚî
. çß&öB Ï�Ö² ³ê~ »OË

1

Pe*
--------d

2C

dx2
--------- dC

dx
-------– St* C* C–( ) 0=+

x 0  C C0
1

Pe*
--------dC

dx
-------

x 0=

+=,=

x 1  
dC
dx
-------

x 0=
0=,=

Fig. 1. Schematic diagram of a three-phase circulating fluidized bed.
1. Riser 19. Flowmeter
2. Down comer 10. Control valve
3. Hopper 11. Sampling vessel 
4. L/S separator 12. DO meter 
5. Pressure tap 13. N2 tank 
6. Butterfly valve 14. G/L distributor 
7. Compressor 15. Liquid reservoir 
8. Control valve 16. Pump
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ª�º ¸�& Ã&Nö V¢ �� Ã&~º ãËj ¾æêj r > ®

b�, V¢B, »OË ªÖÎ�j 'Ï~� VÚ-�Ú bî*� ê>¢

�~º ©� �Ò'�¢ 6�>î
[6, 11-12]. çß&öB Ï�Ö² ³

ê~ Ã& ãËf VÚ F³� ç&'b� Ôf 0.01 m/s� ãÖöº �

~ F;'b� £* Ã&~º ãËj ¾æÚîb¾ VÚF³� 0.03-

0.07 m/s~ º*öBº Ï�Ö²~ ³ê& »OË ¸�ö V¢ Ã&~

º ãË� z× Â]~&
(Fig. 2a). 6�, Fig. 2böB " > ®�� ç

ß&öB »OË ¸�ö V� Ï�Ö² ³ê~ æzº �Ú~ F³(UL)

öº �² 'Ëj Aæ pº ©b� ¾æÒ
. �f ?f çß&~ »

OË ¸�ö V� Ï� Ö²~ ³ê ª�¶ò�¦V »OË ªÖ Î�

� � (1)-(3)j �Ï~� ¢; Ú*��öB VÚ-�Ú ¦b bî*�

ê>¢ �~&
[6, 11-12].

âç B~Fÿ[~ çß&öB VÚ-�Ú ¦b bî*� ê>(kLa)º

Fig. 3öB �º :f ?� VÚF³� Ã&�ö V¢ Î� Ú*��ö

B Ã&�j r > ®
. �º ¢; Fÿ«¶f �ÚF³ �Ò� �Ú

«¶~ B~³ê ��öB çß&~ �*¦bö R«>º VÚ�V~

·� Ã&�ö V¢ �Vö ��B Ö²ï~ �/ê Ã&>V r^�

¢ � > ®
. öò jî¢, âç� v�º çß&öB VÚ F³~ Ã

&º çß&Úö VÚ Ú~ï~ Ã&¢ &^f ªÖçb� �Ò~º V

�ö ~� VÚ-�Ú ê�öB~ Â~*çê Ã&>Ú VÚ-�Ú*~

¦b bî*�ö êæ� B
� � > ®
. ��¾, âç B~Fÿ[~

çß&öB �Ú F³~ Ã&º Fig. 4öB �º :f ?� VÚ-�Ú

¦b bî*� ê>ö � 'Ëj �~æ á~º ©b� ¾æÒ
. �º

çß&öB �Ú~ F³� Ã&�ö V¢ çß& Ú¦~ Â~ *ç~

Ã&¢ &^f VÚ-�Ú~ ê�� �
 ÎN'b� 7/� > ®Ú V

Ú-�Ú *~ bî *�*çj Ã&�Êº ©b� ·Ï~º >�, çß

&~ �*¦b� �Ú~ Ú~ï� Ã&~² Nb�� VÚ~ Ú~ï�

6²~º Ö"¢ &^f[8] VÚ-�Ú~ 7/�'� 6²~º Î"& >

Ú Ö� VÚ-�Ú ¦b bî*� ê>¢ 6²~² ~º ·Ïj �
.

� v &æ~ ç>B Î" r^ö âç B~Fÿ[~ çß&öB �Ú

F³~ Ã&º VÚ-�Ú ¦b bî*� ê>ö � 'Ëj �~æ á�


� � > ®
. âçFÿ[öB �ÚF³~ æzö V� VÚ-�Ú ¦

b bî*� ê>& �² æz~æ pº ©ê �f FÒ� �F r^b

� ��>� ®
[13].

çß&öB Fÿ �Ú«¶~ B~³ê(GS)& VÚ-�Ú ¦b bî*

� ê>ö �~º 'Ëj Fig. 5ö ¾æÚî
. � �âöB " > ®�

� VÚ-�Ú ¦b bî*� ê>º �Ú«¶~ B~³ê& Ã&�ö

V¢ Ã&Nj r > ®� ß®, VÚF³� Ôf ãÖ(UG=0.01 m/s)�


 VÚ F³� Ã&�>� kLa8� Ã&~º ©b� ¾æÒ
. âç B

~Fÿ[~ çß&öB Fÿ �Ú«¶~ B~³ê& Ã&�ö V¢ ç

ß&Úö �Ò~º Fÿ �Ú«¶~ Ú~ï� Ã&~² >Ú çß~º

VÚ-�Ú~ ÷~ vªËö ·Ï~º O�Î"(hindrance effect)~ Ã&

¢ &^Jº� �f ?f *çf çß&Ú~ Â~*ç~ Ã&¢ &^

Fig. 2. Typical example of dissolved oxygen concentration profile in the
axial direction of a column(GS=2 kg/m2s, dP=1 mm).

Fig. 3. Effects of UG on kLa in the riser of three-phase circulating fluid-
ized beds.
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f VÚ-�Ú ê�öB bî*�*çj Ã&�Î
� " > ®
. �f

?f Î"º VÚ~ F³� Ã&�ö V¢ Ã&~V r^ö VÚF³

� Ôf ãÖ�
 Ã&�>� GS~ æz& kLaö ·Ï~º 'Ëf Ã

&�
� � > ®
.

�Þ, âç B~Fÿ[~ çß&öB Fÿ �Ú«¶~ �V& VÚ-

�Ú ¦b bî*�ö �~º 'Ëj Fig. 6ö ¾æÚî
. Fÿ«¶~

�V& æz�ö V¢ �
~ «ö ³ê� Ut& æz~V r^ö �


«¶
f B~�ÊV *� �Ú~ F³ö � N�& ®ÚB dP& kLaö

�~º 'Ë~ �VöBº UL-Ut¢ 
B æ>� ~&
. � �âöB

" > ®�� ¢; Fÿz �� ¯, UL-Ut& ¢;� r «¶~ �V(dP)

& Ã&�ö V¢ VÚ-�Ú ¦b bî*� ê>º Ã&~º ãËj ¾

æÚî
. çß&öB FÒ� Fÿ ��¢ ãÖ VÚ-�Ú~ çß÷~

vªö ~� Fÿ«¶ö ·Ï~º drag force& Ã&~º ò¢ «¶~

�V& Ã&~� � «¶ö ~� �
 VÚ-�Ú çß vªö &� O

�Î"ê Ã&~² F öò jî¢, Fÿz>� 2�>º ö.æ~ ¶


 6� Ã&~� çß& Ú~ Â~*ç~ Ã&¢ &^f VÚ-�Ú ê

�öB~ ¦b bî*� ê>º Ã&�
� " > ®
.

âçFÿ[öBº Fÿ[Ú~ Â~*ç� Ã&~� �ö V� �^

²Ïò�(micro eddy)
� ô� B�~� VÚ-�Ú ê�öB~ ¦b

bî*� ê>¢ Ã&�Êº ©b� ��>� ®
[11-13]. âç B~

Fÿ[~ çß&öB VÚ 5 �Ú~ F³, �ÚFÿ«¶~ B~³ê

Fig. 4. Effects of UL on kLa in the riser of three-phase circulating fluid-
ized beds.

Fig. 5. Effects of GS on kLa in the riser of three-phase circulating fluid-
ized beds.

Fig. 6. Effects of dP on kLa in the riser of three-phase circulating fluid-
ized beds(UG=0.03 m/s, GS=2 kg/m2s).
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�Ò� Fÿ«¶ �V~ æzö V� VÚ-�Ú ê�öB~ ¦b bî

*� ê>~ æz¢ .G~V *� � ��~ 
þº* ÚöB �
~

ç&�j � (4)f ?� �� > ®î
.

kLa=0.263UG
0.275UL

0.017GS
0.155dP

0.097   (4)

� �~ ç&ê>º 0.944� Fig. 7ö �º :f ?� 
þÖ"f ¾

¢~~º ©j r > ®
. âç B~Fÿ[ >wV~ scale-up�¾ J

ê �ö wÏ� > ®ê� ~V *�Bº VÚ-�Ú¦b bî*� ê>

¢ ZNö�~ ç&�b� ¾æÚº ©� jº~
 ~Æ
. âç B~

Fÿ[~ çß&f �ÚF³� jv' �¢B çß& Ú¦~ dead zone

�¾ ®�¢ vª� �~ ìbæ� �OÂ~��(isotropic turbulence

theory)j 'Ï~�[14] bî*� ê>f �·æ>f~ &ê¢ ZNö�

b� � (5)f ?� ¾æâ > ®î
.

St*=kLa(L/UL)=3.990(dP/D)0.130[UL/(UG+UL)]
−1.088  (5)

� (5)º Fig. 8öB �º :f ?� ç&ê> 0.913b� 
þÖ"f

¾ ¢~~&
.

4. Ö �

âç B~Fÿ[~ çß&öB VÚ-�Ú ¦bbî*�ê>ö &�


þ' ��Ö" VÚ-�Ú ¦b bî*� ê>¢ áV *� »OË ªÖ

Î�� ¾ 'Ï>î
. çß&öB VÚ-�Ú ¦b bî*� ê>(kLa)

º VÚF³~ Ã&ö V¢ Ã&~&�, �ÚF³~ æzö V¢Bº

� æz¢ ��æ p~
.

6�, çß&öB ¦b bî*� ê>~ 8f �ÚB~³êf «¶~

�V& Ã&�ö V¢ Ã&~º ãËj ¾æÚî
. âç B~Fÿ[~

çß&öB VÚ-�Ú ¦b bî*� ê>~ 8f � ��~ 
þº*ö

B 
r" ?� Ú*æ>~ �>f ZNö�b� '' ¾æâ > ®î
.

kLa=0.263UG
0.275UL

0.017GS
0.155dP

0.097

St*=kLa(L/UL)=3.990(dP/D)0.130[UL/(UG+UL)]
−1.088 

6 Ò

� ��º ��"�Ò� Ï'V.��(1999-1-307-006-3)ö ~� >

¯>îb� æ Ò�ö 6Ò�ãî
.

ÒÏV̂

C : concentration of oxygen [mol/m3]

C* : saturated concentration of oxygen [mol/m3]

C0 : initial oxygen concentration [mol/m3]

DZ : axial dispersion coefficient [m2/s]

dP : particle diameter [mm]

GS : solid circulation rate [kg/m2s]

kLa : liquid phase volumetric mass transfer coefficient [1/s]

L : axial distance from the distributor [m]

Pe* : Peclet number(=ULL/DZεL) [-] 

St* : Stanton number[=(kLa)L/UL] [-] 

UG : superficial gas velocity [m/s]

UL : superficial liquid velocity [m/s]

Ut : particle terminal velocity in a liquid medium [m/s]

�Ò�Ê ^¶

εL : liquid phase holdup
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