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Abstract − Radial mixing characteristics of liquid phase have been investigated in the riser of a three-phase circulating fluid-

ized bed(0.102 m ID�3.5 m in height). Compressed air and water have been used as a dispersed gas and a continuous liquid

phase, respectively, while glass beads with the diameter of 2.1 mm have been used as a dispersed solid phase. Effects of

gas(0.01-0.07) and liquid velocities(0.25-0.31 m/s) and solid circulation rate(2-8 kg/m2s) on the radial dispersion coefficient of

liquid phase have been discussed. The radial dispersion coefficient of liquid phase was determined by using the infinite space

model from the radial concentration profiles of tracer. As a result of this study, the radial dispersion coefficient of liquid phase

has increased with increasing gas velocity and solid circulation rate, however, it has decreased with increasing not only liquid

velocity but also bed porosity in the riser of a three-phase circulating fluidized bed. The radial dispersion coefficient has been

well correlated in terms of operating variables such as gas and liquid velocities and solid circulation rate.
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GHIJ� KLM #N
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VW X/Y ��� Z�
 VW X� [W \�, ��	
��
 5]

FG AV /Y ^_` \� ^a` Cb [W� VW c�d!" <

3e a Q� f!" g�I� Q5[1-3].

����	
�� ��� b;dG ��	
��� L=h a Q�

dead zone$ c�d!" ij a Q� 5�@A]k l" ��-��-

��m� @Acn$ op %
&q a Q!r, s� �� t ��	�

�u�� vwIl" xy&mz {�3|  Zr, ;<>� }� ~�

$ ~�h a Q� vw~�� �  �:� 5�;<�" �3e [W

;<w�n$ ��d!" %
&q a Q� ;<�" �
�� Q5

[4, 5]. \M, ����	
� ;<�� KF��(deactivation)� AVY

^_`� c�dG �=  
��l" ����	
�� �M *��

w�Bd!" %�I� Q� �k 5.
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���� ����	
�� �M #N� �" ��, ��	� ?��

������ C� ��� �� �� ��.�SF t � �9� ��

| SF[1-4], ��SF[5] C ��dG #N
  �:�� Q$ � r,

����	
� ���� ��I� Q� 	
����� 	
SF� �

�SF ?�� � �� #��m� @A C� �¡� L=�� ¢£

dG a�¤d SF9� �M #N� �� ¥ &XxB� ¦ Q5. o

p   §M a�¤d SF9� �¨X3 ©� ���� L=�� w

�ª� Y «£ C� �M #N� ¬T ­®M �k 5.

�¯� ° #N��� ����	
��� �� t ��	� ?��

������� ��� �� ��� ;[±² «£SF$ ��� ;[

±² � Ba( �³d!" N´!"µ �¶�·!r  ¦ ¸� #N

©�� ����	
��  ¹d <3� ºadG ���»
 e f!

" �»�5.

2. � �

° #N� �3� �³12� Fig. 1�� g� ¼¦ ¸  �)*!"

½[  0.102 m � s 
 3.5 mG ¾Z¿*$ �3�·5. �³12

� �)*� �)* ��� ��-�� ���, �.* ?�� ����

$ yM inner loop-seal" NFI: Q!r ��I� ��� }�

butterfly valve(  3�4 �³d!" Àk�·5[1, 2, 5].

��� ;[±² «£Ba( Àk�� y¡� Ád� ��±Â[6-11]

$ �3�·5. Ád�"� 1.0 N� NaCl3�$ �3�·!r, *� Á

d�� ��� �:O �³~��� k��u� ��� 5Ã ����

���Ä� 10 cm ��� *DÅ�� Ä��(point source) &Æ5. *

��� Ád�(tracer)� ;[±² Ç���( Àk�� y¡� 4È�

w�w��ÉÊ$ Ád�� ��y2�� 30 cm ��� Ë2�·!r,

 9� ;[±² y2� *� DÅ!"�Ì � 1.5 cm� /�( Í�

Ë2�·5. w�w��ÉÊ� ½[ 6 mm� plastic tube� 0.3 mm½[

� Î� wire( �3�·!r, 4§ 
� ÉÊÏuD 
1 ÐÑM Ò,

  
�M f!" ÓÔO[12] shielding electrode¦ point electrode" N

F� w�w��ÉÊ Ïu( `X�4� �3�·5(Fig. 2).

;[±²� Ád� Ç���� ;[±²!" Ë2� 4È� ÉÊ9�

conductivity bridge( Õ¡ k�, filter t %��k$ /0 w�d Ö¨

" ��� × data logging system!" 	�I: ØÙÌ� �1IÚ5.

 Û Ü:O w�d Ö¨� ,�ÝÞ(output voltage)¦ conductance¦

� gkßà$  3�4 Ç�" ���4 �3�·5. �³�aG ��

¦ ��� 	�áy� �� 0.25-0.33 m/s, 0.01-0.07 m/s Ú�, ��!

"� ½[  2.1 mm � U�
 2,500 kg/m3G 	�N( �3�·!r

 9� ����� 2-8 kg/m2s Ú5.

Ád� �� × k��u�� Àk� Ád�� ;[±² Ç���"

�Ì ��� ;[±²â Ba� ãM]mäå(infinite space model)$

�3�4 N�·�R,   äå� ° #N¦ ¸� 	
�� d3��R

d£M f!" ÓÔæ Q5[6-11].

ãM]mäå� ¡� H (1)� ¸  ãçè é±² êë, ξ¦ �Ï�

Peclet Group, ìt ãçè ;[±² êë X� ´a" Yíî a Q5.

(1)

4��

C
C0

------  
2ξ
------   

2ξ
------ X2⋅– 

 exp= ìì

 

UL

εL

------ R⋅

2DZ
0.5Dr

0.5
----------------------=ì

Fig. 1. Experimental apparatus.
1. Riser 10. Conductivity probe
2. Down comer 11. Conductivity bridge
3. Hopper 12. Low-pass filter
4. L/S Separator 13. A/D convertor
5. Tracer inlet 14. Computer
6. Butterfly valve 15. G/L Distributor
7. Compressor 16. Liquid reservoir
8. Control valve 17. Pump
9. Flowmeter 18. Tracer tank

Fig. 2. Configuration of conductivity probe with a point electrode and a
shielding coiled wire electrode and circuit for conductivity bridge.
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 r, DZ¦ Dr� �� ��� é±² t ;[±² â Ba, Z¦ R

� �� w�w��ÉÊ  Q� s ¦ 	
�� ;[$ Yíï5.

��� ;[±² â Ba(Dr)� ;"?êë(semilogarithmic coordinate)

�� �³d!" Àk� ;[±² Ád�� Ç��� �ð�"�Ì

H (2)� ��4 B �·5.

(2)

3. �� 	 
�

����	
��� ��	�, ��	� ?�� ������ ���

�� ;[±²� wÏdG Ç��� ßà( Fig. 3� Yí�Ú5. Fig. 3

�� Ý a Qñ  ��	�� ������
 %
´� �¯�� ;

[±² Ç���� �ð�� Ñò���(A, C) ��	�� %
� �¯

�� ? �ð�
 %
�� f$ Ó a Q�R(B),  � ��	� t �

�����
 %
´� �¯� ;[±²!" ��� «£ª�  %


I�� ��	�  %
´� �¯�� ;[±² «£ª�  ���5

� f$ �­M5.

 9 Ç���"�Ì ��� ;[±² � Ba( N�·�R, ��

	�  0.01 m/s�� 0.07 m/s" %
´� �¯� Fig. 4�� g� ¼¦

¸  ��� ;[±² � Ba� äó ��	�� áy�� x~%


�� f$ Ý a Q5.  � ��	�  %
´� �¯ ��� Z�¦

Z���
 ô�õ Ir[5] ����� ö� à÷�(vortex)( ÏF&'

;[±² � Ba( %
&-� øh$ �� ��� wake
 ô�õ

I�, \M ;[±²!" ù ��	�Nú( 
�õ I� Ûû� ��

� recirculation� «£  èK�õ  �:�� Ûû ¯� h a Q5.

 §M ©�� ��� ®�� ��	
�� ©�¦� 	�MR, Kang

C[7]� �)�� ��� #�d!" ÏFI� �¡I� turbulence

wake� �¡� �)�õ Ir  üõ ýþõ �)�� ��Eò(liquid

element)9  ��� «£ª�$ 	LM5� �·!r, ��	�� %


� ��¦ wake�  §M /
$ èK�õ L=ÿ ´!"µ ���

ø� #��� � �� ��bM 	�Nú¦ ����| ��( L=

&-� Ûû� ��� ;[±² � Ba( %
&�5� �·5.

��	�  0.03 m/s" bk�� ������
 2, 4, 6, 8 kg/m2sb

[W ��	� %
� �� ��� ;[;[±² � Ba ��}�$

Fig. 5� Yí�Ú5.   ?���, äó �������� ��	� 

%
´� �¯� ;[±² � Ba� Ñò�·5. b;d!" ��	


��� ��	�  %
�J ��� ��(turbulence)( %
&-�

©�d!" é±² t ;[±² «£$ %
&�5[13-15]. ��� �

���	
�� #��G ��� 	�  VW s� Ûû� ��� Z

� t Z���� X¾��, ����|  Z� ��d!" ��� �

�|� X¾�� Ûû� ����� O
v
� �¡ L=�� ���

�� ±¡c�� ���õ Ñò�õ I� xy Jdz� ��.�� X

¾æ� ©�d!" ��	�� %
� ��� é±²� � %
&-

� ;J ;[±² � Ba( Ñò&-õ �5. \M, s� ��	�!

ξ
Dr

0.5 Z⋅

DZ
0.5 R⋅

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

X r
R
----=

Dr

UL

εL

------ R2⋅

4Z slope⋅
------------------------=

Fig. 3. Concentration profiles in the radial direction in three-phase cir-
culating fluidized beds.

Fig. 4. Effects of gas velocity on the liquid radial dispersion coefficient
in three-phase circulating fluidized beds.
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" G�4 ����	
�� 	���	�� ;[±²!" 
o �b

M ��( 
�õ I� �¯� ;[±²!" ��� ��Nú� /�

bk¡�� Ûû� ��¦ ��� ���� ;[±²!" ù «£ª�

$ 	L�� �� é±²!" �)�õ �5. ©	, ��� ;[±² �

 Ba� ù �²$ ­2� ��� intercell recirculation� VW X/Y

/� L=�� �¾ ��	�  %
ha� ��� ;[±² � Ba

� X¾�õ �5.  §M ©�� Han C[4]� �³©�¦� b2��

f!", Han C[4]� ����	
��� ��	�� %
� ;[±²

!" 
o �bM 	���	�(local liquid velocity) ��( 
�õ �

� Ûû� ;[±²!" ��� ��Nú� /� bk¡�� ���

intercell recirculation� ÑòI� Ûû� ©�d!" ����	
��

� ��	�  %
´� �¯� ��� ;[±² � Ba� ÑòM5

� �·5.

5�	
��� «£� b;d!" 	
��� ��ª�, ��� 	


��� 
�Ïu t ��� � C� �²$ �� f!" ÓÔæ Q

�R[7-9, 16], ST 	
��� Z� t 
�Ïu� 	
��� ��ª

�$ 	L�4 é±² �� ¾�¯ ;[±² «£ª��� DEM �

²$ ­�5� h a Q5.

78�� ®�� ��	
��� 	
��
 ;[±² «£ª�� ­

2� �²� �M #N9$ ��gJ[7-11], ��
 > � ����


	�N�G [W ��� Z�
 2 mmg5 X$ [W�� ��� �M

��� ��ª�  L=�� �¾� wake 	�� wake ��
 ô��

Ûû� 2 mmg5 ù Ç���( 
�õ I: ��� ;[±² «£�

X� �$ 
�Y ����
 2 mmg5 � [W�� ��� ��ª�

  L=�� Ûû� ����� ½[  ô�a� ;[±² «£ª��

%
M5� �·5.

����	
��� ����� ½[  2.1 mm" bk�� ��	�

  0.25-0.33 m/sb [W� ������(solid circulation rate)
 2 kg/

m2s�� 8 kg/m2s" %
´� �� ��� ;[±² � Ba� ��(

Fig. 6� Yí�Ú5.   ?��� Ý a Qñ  äó ��	�áy��

������
 %
´� �¯� ;[±² � Ba� %
´$ Ó a

Q5. ��� ���·ñ  ����	
��� «£k�� �� L=

�� ��.�� Zõ �²$ �õ �5. �, ���� L=�� ��.

�� ����9� O
v
� ��� ���M v
� �¡� L=�

õ I�R ����	
��� ������
 %
�õ IJ ���

�|  ô�� �¯� ����9� 	cO
v
 .�
 %
�4 �

�.�(turbulence intensity)
 %
h � ¾�¯, ����|� %
�

����	
� ���� ��-�� 
�� ��dG ±¡c�(hin-

drance effects)� %
( 
æ¦ ��� ��.�( %
&-� Ûû�

������
 %
´� �¯� ��� ;[±² � Ba� ô��

f!" �»�5.

����	
��� �]¬�(bed porosity)  ��� ;[±² «£

SF� ­2� �²� Fig. 7� Yí�Ú�R �]¬�  %
´� �

¯� ��� ;[±² � Ba� Ñò�·5. Kang C[8, 9]� ®��

��	
��� 0.57-0.7 k�� �]¬��� ;[±² � Ba� 7

��$ 
�� ?  �  IJ ÑòM5� �·5. ����	
���

� #��G ��� 	�  ����� ����(terminal velocity) �

�� vwIl" ®�� ��	
�� ®�4 ��d!" s� ��	

� ~���� vwIr �¯� �]¬� \M ®�� ��	
�� ®

 h Û ��d!" ù �$ Yíï5. Fig. 7�� Ý a Qñ  ���

���� ��� �¯� !m� ç � Q�� �]¬�� 0.75 �!

" s5� f$ Ó a Q5. �¯� Kang C[8, 9]� #N©�¦ ¸ 

�]¬�  0.75 �!" %
ha� ��� ;[±² � Ba� Ñ

òM5� f$ Ó a Q5.

��� ;[±² «£SF� ����	
��� >� t "w�9

� w�ª�� ù �²$ ­2�, ST ù ½[$ 
�� Q� [W Ë

B t vw~X� VW DEM #¯$í
 I� Ûû� ;[±² «£

SF� �M kg
 âgI:æ% M5. �¯� ° #N� �³áy�

Fig. 5. Effects of liquid velocity on the liquid radial dispersion coefficient
in three-phase circulating fluidized beds.

Fig. 6. Effects of solid circulation rate on the liquid radial dispersion
coefficient in three-phase circulating fluidized beds.

Fig. 7. Effects of bed porosity on the liquid radial dispersion coefficient
in three-phase circulating fluidized beds.
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� ��� ;[±² «£SF� ~X�a¦� *B( 	��� y�4,

��� ;[±² � Ba¦ ��	�, ��	� ?�� ����|�

� �**B( H (3)� ̧   Yíî a QÚ5. H (3)� �*Ba� 0.951

" Fig. 8�� g� ¼¦ ¸  �³©�¦ & b2�� f$ Ó a Q5.

(3)

4. � �

����	
��� ��� ;[±² «£SF$ �¶M ©� 5Ã

� ¸� ' 
�� ©($ Ü$ a QÚ5. 

(1) ����	
�� �)*�� ��� ;[±² «£SF� ;[

±²� Ád� Ç���"�Ì ãM]mäå(infinite space model)$ �

3�4 ��� ;[±² � Ba( N´!" c�d!" ¡)h a Q

Ú5.

(2) ����	
�� �)*�� ��	�  %
´� �¯ ���

Z�
 ô�� �¯� ;[±²� s� 	���	�Nú( L=��

Ûû� ��� ;[±² � Ba� ��	�  %
´� �¯� %


�·5.

(3) ����	
�� �)*�� #��G ��	�� %
� ;[

±²!" 
o �bM ��� ��Nú( L=&' ;[±²!" «£

ª�$ *`�� X3$ �� Ûû� ��� ;[±² � Ba� �

�	�  %
´� �¯� Ñò�·5.

(4) ����	
�� �)*�� ������
 %
�õ IJ �

���|  ô�� ����9� O
v
� �M ��.�
 ô� �

¾�¯, ��-�� 
�� ��dG ±¡c�� %
( 
æ¦ ��.

�( %
&-� Ûû� ������
 %
´� �¯� ��� ;[

±² � Ba� %
�·5. 

(5) ����	
�� �)*�� ��� ;[±² � Ba� ° �

³áy ��� �� t ��	� ?�� ������� �*H!" 5

Ã� ¸  Yíî a QÚ5.

�
��

C : tracer concentration [mol/l]

Co : average tracer concentration [mol/l]

Dr : radial dispersion coeffcient [m2/s]

Dz : axial dispersion coeffcient [m2/s]

Gs : solid circulation rate [kg/m2s]

R : radius of column [m]

r  : radial distance [m]

UG : superficial gas velocity [m/s]

UL : superficial liquid velocity [m/s]

X : dimensionless radial coordinate

Z : distance of conductivity probe from the distributor [m]

���� ��

εG : gas phase holdup

εL  : liquid phase holdup

ì : modified Peclet number

ξ : dimensionless axial coordinate

� �

° #N� M	�¤�x� Sk��#N(1999-1-307-00)� �¡ aP

IÚ!r + �x� Ñ�,-�5.

�
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Fig. 8. Comparision of the liquid radial dispersion coefficient between
the experimental and the calculated values.
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