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Abstract − Bubble characteristics have been investigated in a three-phase circulating fluidized bed of 0.102 m I.D. and 3.5 m

height. Effects of gas(0.01-0.07 m/s) and liquid velocities(0-0.31 m/s) and solid circulating rates(2-8 kg/m2s) on the bubble

characteristics such as rising velocity, chord length and frequency have been determined. Probability density of bubble chord

length has been examined with the variations of experimental conditions to analyze the bubble characteristics in the solid cir-
culating regime. As a result of this study, The bubble rising velocity and frequency have increased with increasing gas and liq-

uid velocities, but the former has decreased while the latter has increased slightly, with increasing solid circulating rates. The

bubble chord length has increased with increasing gas velocity but it has decreased with liquid velocity and solid circulating

rate in the riser of three-phase circulating fluidized beds. The probability density of bubble chord length becomes more narrow

representing more uniform bubble size distribution with increasing liquid velocity as well as solid circulating rate in the beds.

The rising velocity, chord length and frequency of bubbles have been well correlated in terms of operating variables.
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c� �( �0, j������ V!<[ ���}� ��| �0 �

�| &� �( �X� cdh )*+,- �So � /0 1� ��

k^����I o � /V[6-10].
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a, 67'Y0 �( ��� �"�V[9]. �� k^���h !d+,

- ��\
  �Y0 �¡�[ 
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2. � �

¨ CD� �°' 
�� �� k^���(Fig. 1)� ���� ±��

0.102 m�j ²�� 3.5 m[ G�³ �h 
�\®V[9]. C��� �

¡´� V!´ µ¶	 
�\®0�, ±� 3 mm� D·h �¸¹º-

»�\� ¼º\®,a �¡�� ½�h  �Y0 C�� �¼
 �r
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�\®j,j� ��-0 dp� 2.1 mm�j ρp� 2,500 kg/m3

[ �ÀD	 
�\®V. ¨ �°' 
�� �° �Çh Table 1' r

ÈQ "À\®V. Table' �¤É Ê£ Ë� �° Ì 0 
����

0.01-0.07 m/s�j ��� ��� 0.00-0.31 m/s�ÍV. �°Îº0 j�

��	 ���\] �Ïw~0 ���* ��� ��� ��-j� �À

�, j���	 4Î\0 hoper, WÀj j���	 �"� k^��-

Vw ���' ½�w~0 7� loop-seal- D<T5 /V. Loop-seal�

\�£ ÐÂ'Y0 �"� ��� ��	 ½�\] ���,- Vw �

�T0 j�� Ñh �Ò\®j, k^T0 j�� Ñ� butterfly valve	

��\] �°+,- Ð"\®0�[9-11], ̈  �°'Y j� k^ ��

� Ì 0 2-8 kg/m2Ós �ÍV.
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¢����, 
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(2)' �� 
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Fig. 1. Schematic diagram of a three-phase circulating fluidized bed.
1. Riser 17. Compressor 13. A/D convertor
2. Down commer 18. Control valve 14. Computer
3. Hoppor 19. Flowmeter 15. G/L distributor
4. L/S separator 10. Resistivity probe 16. Liquid reservoir
5. Pressure tap 11. Amplifier 17. Pump
6. Butterfly valve 12. Low-pass filter

Table 1. Operating conditions in the three-phase circulating fluidized
beds

Operating condition

Bed height [m] 3.5
Column diameter [m] 0.102
Solid Glass bead
dp [mm] 2.l

ρp [kg/m3] 2500
Liquid Tap water(room temperature)
Gas Compressed air(room temperature)
Gas velocity(UG) [cm/s] 0.01-0.07
Liquid velocity(UL) [cm/s] 0.00-0.31
Solid circulating rate(GS) [kg/m2s] 2-8
Data sampling size [-] 500 Hz�6 s=3000
���� �38� �6� 2000� 12�
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���èé(probability number density) = (6)
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Card)h 
�\] sample� �
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£ �ò��� �ó� ¸ �Ç'Y ��� 7�

� 
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�� k^���� ��� 7'Y 2ð� 4ÔÕÖ' �� Ð"� Ý

Þ� >µ+[ µ¶	 Fig. 2' �¤7Í0�, � ÝÞN� filtering *

"h }ë 
¢� ����, �±á� WÀj â�� &* Ë� 
¢

� ;<h ��\0� 
�\®V.

Fig. 3a0 j� ��� 2.1 mm[ ���'Y 
���� «�' §¬


¢�� ��� «�	 �¤É 1�V. Wø'Y ùú� 
����

v�û' §I 
¢� ����0 üÜ ýµ+,- v�\0 �Mh

�¤7ÍV. �0 
þ� ������ Û*£� lÿ� Ñ�h ù�0

1,-[4] 
���� v�0 ��� 7�' ½�T0 
��� v�'

§I Fig. 3c'Y � � /ú� 
¢â��� v�	 ��¿a �0 


¢ó�� v�' �� Fig. 3b'Y ù0 Ê£ Ë� 
¢�
� v�	

��£ Û6 �9� v�' �� ����� �i0 1,- ��o �

/V. ��, 
���� v�- [� ��� 7' 
¢� ��0 v�

\� Tj 
¢� ����0 ��� ����ùV �æ
 pq' �

>�' �ë �ý 
¢' �� �	)*- 
' §æ0 
¢' �º0

Ô9� �5N� T5 
¢� ����0 �i� �Vj o � /V.

�� k^���'Y ����� v�' §¬ 
¢� ����«�	

Fig. 4a' �¤7ÍV. Wø'Y ù0 Ê£ Ë� ����� v�û'

§I 
¢� ����0 �r v�ûh �¤7ÍV. ����� v�0

��' �� ���7 e��� v�	 ��£ ���' 
�T0 �

" j�k^��� �Ç'Y j����� `�\� �V. §IY ��

j���� 
¢' c�\0 hinderance )*� �B+,- `�\


pq' 
¢� ����0 v��V. \iF ����� v�- [�


¢�
0 Fig. 4b'Y ù0 Ê£ Ë� `�\0 �M[13]h �¤7


pq' �0 e��� v�- [� 
¢� ���� v�	 ��w~

0 Û*	 �¤75 �� ��� v�0 
¢� ����	 �� v�

w~i ��Vj o � /V. �å, ����� v�' §I 
¢� �

���� v�\j, � ��A�� v�' §I 
¢� ��)* v�

# ó�A� `�- [� 
¢�� �
� `�\�- Ë� 
���

� �Ç'Y 
¢� â��0 v�\0 �Mh �¤7Í0�(Fig. 4c),

�£ Ë� A�� 
���� v�o�Ã tu Ü�Xi� �¤�V.

�� k^���� ���' 
�T0 j���� k^��� 
¢�

����£ �±á� WÀj â��' �º0 �Mh Fig. 5' �¤7

ÍV. � Wø'Y � � /ú� j���� k^��� v�û' §

I 
¢����0 �r `�\0 �Mh �¤7j /0�, �0 GS�

v�' §I j����� v�\] j���� ��' �� ��A�

� v�	 �
wx 
¢ó�	 �|\0 )*	 ��£ 
¢� �


� `�\j(Fig. 5b) 
¢� ����� �r `�\0 1h 2 � /

V(Fig. 5a). �å, ���' �"�� 
�� ��. p GS� v�0


¢� �
� `�\0 Û*	 ��¿
 pq' 
¢� â��(FB)0

nLVi

nLVi∑
-------------

Fig. 2. Typical output signals from the electrical resistivity probe(UG=
0.01[m/s], UL=0.27[m/s], GS=4[kg/m2

�s]).

Fig. 3. Effects of UG on the bubble rising velocity(UB), chord length(LV)
and frequency(FB) in three-phase circulating fluidized beds.
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�r v�\0 1,- �¤�V(Fig. 5c).


¢� �
�¢0 �����
� s�
'Y ��>^_* s�)

_ &' Û"+[ �Mh �º�- �N� JK£ e>' �( ���

��� T5UV[12, 14]. §IY, ̧ ¸� �°�Ç'Y 
¢�
' B�

�-���¢(number density distribution)	 $ (3)* (5)' �� D\]

Fig. 6' �¤7ÍV. Fig. 6'Y, ��� ��� �� j���� lk

^��(0.10-0.18 m/s)'Y0 
¢�
 �¢� ê� �j bi-modal µ¶

	 ù�V� ����� v�\] k^�����(0.27-0.31 m/s),- >

�TÂY 
¢� �
0 cGij �-���¢� ê� tu �G�h �

¤7j /V. �å, ���'Y j���k^��(GS)� «�� 
¢� �


�¢' �º0 �Mh Fig. 7' �¤7ÍV. � Wø'Y � � /ú�

GS� v�û' §I ���7' þb\0 
¢� �
�¢0 gg �G�

»�� �
� �h 2 � /V. �0 GS� v�' §I ��A�� v

�� )*+,- 
¢	 ���½
 pq,- ��o � /V[9]. �£

Ë�, �� k^���'Y0 �����'YùV 
¢� �
	 �� �

/,a W �¢� �� � /5 ùV )*+[ e>h o � /h EF

GHI, �����'Y ����� ����(ut) �7- |�T5 /0

e> ��h W ��,- v�wz � /5 ����� �
£ ���

c� ��	 
�� p' �( )*+,- +�o � /V \ V.


¢� ;<� �� k^���� �d�Ç� Û"' ��� ��-

c�Ta, �N Îº	 JK\
  �Y0 
¢;<' B� "ù� è

ùT5�� �V. §IY, 
¢;<* cd«�£� �K	 ��\
  

\], ¨ CD� �°Ì 'Y 
¢� ����£ �±á� WÀj â

��	 
�£ ��� �� WÀj j�k^��� ���K$,- $

(6)-(8)* Ë� ¸¸ �¤! � /ÍV. $ (6)-(8)� ��K�0 ¸¸

0.942, 0.932 WÀj 0.931�ÍV.

UB= 3.716UG
0.260UL

0.465GS
−0.095 (7)

LV= 5.552"10−3UG
0.379UL

−1.710GS
−0.211 (8)

FB= 963.151UG
0.517UL

2.614GS
0.016 (9)

Fig. 4. Effects of UL on the bubble rising velocity(UB), chord length(LV)
and frequency(FB) in three-phase circulating fluidized beds.

Fig. 5. Effects of GS on the bubble rising velocity(UB), chord length(LV)
and frequency(FB) in three-phase circulating fluidized beds.

Fig. 6. Probability density of bubble chord length in circulating fluid-
ized beds.
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4. � �

�� k^���'Y �¡�[ 
�� ��* j�� k^�� WÀ

j C��[ ����� «�' §¬ ������ 7�'Y� 
¢;

<' B\] j­\®V. >
4ÔÕÖ#h ��\] ��� Û*, Và

* Ë� ��� Û$h %h � /ÍV.

(1) �� k^���'Y 
�� ��v�0 ���'Y 
¢� ��

��£ �±á� WÀj â�� üÜ� v�	 ��UV.

(2) ���'Y ����� v�û' §I 
¢� ����£ â��

0 v�\®j 
¢� �
0 `�\0 �Mh �¤7ÍV.

(3) ���' 
�T0 j� k^��� v�û' §I ���'Y


¢� ����£ �
� `�\j 
¢� â��0 v�\0 �Mh

�¤7 ÍV.

(4) �� k^���� ���' þb\0 
¢� �
�¢0 
¢�


� � ��û�-& � �¤! � /Í,a, lk^��* l'\]

k^��� �( �( »�� 
¢� �
�¢	 �¤7ÍV.

(5) 
¢� ����, �±á� WÀj â��0 ¸¸ �°«�' B

� Và* Ë� ��$,- �¤! � /ÍV.

UB= 3.716UG
0.260UL

0.465GS
−0.095

LV= 5.552"10−3UG
0.379UL

−1.710GS
−0.211

FB= 963.151UG
0.517UL

2.614GS
0.016

�
��

dp : particle diameter [mm]

FB : bubble generating frequency [s−1]

GS : solid circulating rate [kgm−2s−1]

LV : bubble chord length [m]

LVi : individual bubble chord length [m]

t : time [s]

Ub : bubble rising velocity [ms−1]

Ubi : individual bubble rising velocity [ms−1]

UG : superficial gas velocity [ms−1]

UL : superficial liquid velocity [ms−1]

���� ��

ρp : particle density [kg/m3]
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