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. 1.66 m)AB ��CD2< /!2' E,(25-1,000oC)� �C(1-6 atm)	 F+A GH *���+�,	 F+< /! 0

�123� �E�����(?: 0.02 m, @. 2.0 m)AB emptying time methodA 	$ �������	 -.��(Utr)A

IJ E,(25-600oC)	 KL" /! 0 �1234. /!M *���+�,� E,� �C. N
OA GP Q�23�R,

�������	 -.��S E,
 N
OA GP N
234. *���+�,� �������	 -.��A IJ T

UV	 /!W" �X	 YZ�� [\23�R �X YZ�" ]^�� _!M YZ�" `a234.

Abstract − In order to design and select appropriate operating conditions for the practical operation of chemical-looping

combustor, which consists of two interconnected fluidized beds (bubbling fluidized bed and fast fluidized bed), minimum flu-

idization velocity and transition velocity to fast fluidization were measured and investigated. Oxygen carrier particle of NiO/
bentonite particle (specific surface mean diameter: 0.181 mm, particle density: 4,080 kg/m3) was used as a bed material. The

minimum fluidization velocity was determined by measuring the bed pressure drop in the pressurized fluidized bed (0.052 m

i.d. and 1.66 m high) with variations of temperature (25-1,000oC) and pressure (1-6 atm). The transition velocity from bub-
bling to fast fluidization was determined by means of emptying time method in the high temperature circulating fluidized bed

(0.02 m i.d. and 2.0 m high) with variation of temperature (25-600oC). The measured minimum fluidization velocity was

increased with increasing temperature and pressure. The measured transition velocity to fast fluidization was increased with
increasing temperature. The previous correlations on the minimum fluidization velocity and transition velocity to fast fluidi-

zation were compared with the present measured values to develop new correlation.

Key words: Chemical-Looping Combustion, Transition Velocity, Oxygen Carrier Particle, Circulating Fluidized Bed, Pressur-
ized Fluidized Bed
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1. � �

�����, ���� 	 
��
(greenhouse gases)� ��� ��

� ���� ���� ��
����� ��� �  �� !"#$ %

&�� '() ��* +��, -.. 
��
�� CO2, CH4, CFC,

NOx, SOx 	� -�/ 01 ������ 2
 
�34� �) ��

�� 50% ��5 67* 89: -7; <* �=>?� �) 2@A

� 4B�C ADE..

�FG� �  >�HI� �J �@K2��C LM�� CO2N O

P�� Q) .R) SBI� �T�U7V �WX� SBI� YZ ,

[\ SB�; �]� ^�� _` �B�.[1, 2]. � ) ��� �a

b P -� c*d ��>� ef7* Y
ghi ��>��j(chemical-

looping combustion technology, CLC)� �) >�� kl�, -..

Y
ghi ��>��� m e� no�* �D�p -7; m no

� q�N FrY
sH(��S�sH)� gh�tC ) no��C�

FrsH� ��no�, .u no��C� FrsH� hvno(>?

� >�no)� �wpk.. S�no�(��no�)�C� i (1)4 x

� Fr sH(M)� S��� ��� �J ���p Fr��y(MO)$

zD�,, � Fr��y` hvno�* gh�p >?>��(hvn

o�)�C� i (2){ x� Fr��y(MO)sH� �
>?(CH4, H2,

CO or CnH2n+2){ no�� .T Fr sHN zD�,, CO2{ H2O/

$ KAT|.. hvno��C hvE FrsH� .T ��no�*

gh�p Q� 4B$ n}�~ E.. Y
ghi ��>���C ��

S�sH(Fr �� Fr��y)� m no�N gh�tC ��N 2

��� �� carrier �b4 �� ��no��C �` �$ hvno�

* 2��� �2�Y
� �b� �� �, -pC 2
 T��$ �

p��� �� ��) 5H�, b P -..

Oxidation: exothermic, (1)

Reduction: endothermic, (2)
       M: Metal, MO: Metal oxide

Y
ghi ��>��� ��� ��>��� [J �  �� ��

$ ��, -.. �n�5 �>��>� K2�[�C CO2N X�, O

P�� S��7* �\b P -$ B�� ,��* ��b �Z 3�

� 9-27% B� ���, K2��� 1.3-2.3L ���� 67* 89:

-.[3, 4]. � V Y
ghi ��>��� �Z �3�� ��� K

2�i4 [�) P�7* �,[5-7], CO2 KA � �7;, �n�5

¡�  L�� ��� CO2 �¢�� N2, O2, CO, H2O, NOx, SOx 	

� £��� nt Y
ghi ��>��� hvno��C� CO2{

H2O/� LM�¤* H2ON o��� �¥�t CO2N ,��* ¦~

X�b P -p 
���5 CO2� X�N Q) �]� �§ � YZ

¨.[8]. �) ��no��C �pV� ��S�sH� ��no` �

©(flame)� KA�� ª� �«�C �pV¤* thermal NOx� KA

$ v��7* ��b P -.[9].

¬­ Y
ghi ��>��j� �) >�� �®, �¯°, ±², ³

´¯� µ Z� V��C ¶K�~ �wp�, -7; ��� K·E

�¸I$ ¹º7* ) (²� >�»#� �JC� Ryu[10]� ¡,�

H�1 B��p -.. ��� >�I$ ¼½¡t Y
ghi ��>�

�j� �) >�X�� ¾~ ��S�sH eK µ noD �¿, SB

J= µ ��D À�, SBeK 	7* VÁ P -.. ��/ <* ��

S�sH eK µ noD �¿� �) >�� Â��7* �wp: Ã

7; SBeK� �) >�� ±±) �B7* �FG� �£Ä»Å Æ

Ç�C noD �¿4 ghÄ»Å ÆÇ�C ,
ghr� ÈB� �)

�¿� �wp: Ã.. ��/ Y
ghi ��>��� ��$ QJC

� m e� no�� >ÉE T���C noD �¿� �wp:� �

; �{ x` �¿�ÊN �Ë�, �z T��� �Ë µ Æ�ÆÇ$

ÌB�� QJC� �®�5 H?* noD �¿É4 Í ÎÏ� P@

Ð0D� �) �¿H?� Ñ��..

Y
ghi ��>�T��` �  �� �i� no� ÆÒ7* �

ËÓ P -7V �n�7* �
-,
Ô� ÕÖ3�� ×, � µ yØ

2�� ZP�; SBÄ�� Ùd Ä»Å no�� <* ,9�, -

.. ��no�{ hvno�N Ä»Å7* ,9b �Z�� S� µ

�
>?� Ä (Är)� Ú� �£Ä»Å, �ÛÄ»Å, ,rÄ»Å 	

�  �� Ä»� �«� �\Ó P -7; �Ê� WÜN Ý�, no

D$ eÌ�� QJ �ÞÆÇ� ,9Ó P -..

Y
ghi ��>�� �) yØP�� �J ��S�sH� ��-

hv$ QJ Ñ�) S�{ �
>?� Ä $ Ë��t ��no��

<s�� S�Ä � hvno�� <s�� �� Ä � 11L B��

, m no� q�� ,
gh$ QJC� m no� � �V� ,rÄ

»Å� z«� �p� ).. É4�7* Ä � _` ��no�N ,

rÄ»Å z«* ,9�, hvno�� <sE ��� §m no��

ß �� QJ Åà,
 4 
ÛTÔ� á¡� \�) �£Ä»Å$ �

\�� 6� Ä�) 67* q?�U.. �{ x` no� z«N ¹º

7* ef�ËN Pl�� QJC� �®�7* ��no�(,rÄ»

Å){ hvno�(�£Ä»Å)�C S�{ ��� Är� �) ���

Ñ��.. Är� ��` ( no��C v�� Ä»� z«N �$ P

-� â�Är� �; �N QJ �£Ä»Å ÆÇ�C Æ��� hv

no��C� ��S�sH� â�Ä»�r�� �) �¿H?� Ñ�

�;, ,rÄ»Å7* Æ��� ��no��C� ,rÄ»Å7*� 2

�Är� �) �¿H?� Ñ��..

® >��C� Y
ghi ��>�� ��S�sH* q\�� Q

J �Æ) NiO/bentonite sHN ÅyØ* �\�� �Þ�£Ä»Å�

C 
�{ Þ@� ã�� Úu â�Ä»�r�N ÈB µ J=�ä7

;, ,
ghÄ»Å�C 
�� ã�� Úu ,rÄ»Å7*� 2�Ä

r$ ÈB�ä.. �) ÈBE åI4 �� �æiI4� [çN èJ

�� éÕ) å$ +Èb P -� �æi$ ÌB�, �N PB�� Ä

q) Æ�ÆÇ�C â�Ä»�r�{ �ÛÄ»Å 2�Är$ ÉB��

Q) c*d ��$ êë�ä..

2. � �

Fig. 1̀  ��S�sH� â�Ä»�r�N ÈB�� QJ q\E �

Þ �£Ä»Å$ eì�7* Víà, -.. �ÞÄ»Å  ̀à� 0.052 m,

�� 1.04 m{ à� 0.102 m, �� 0.62 m� 5îï(inconel) �æ$ >

É�� X�ð7*Wñ� ��� 1.66 m� ��ß �ä.. ò�� .

u �·�W �æ` X�ð7*Wñ� �� 1.025 mWñ 1.050 mG�

á�WN m, óô�* >É�ä.. S��H(plenum)� PÀ<si7*

�Ë�U7; <sæ� ò�` 0.0127 m�; X�ð7*Wñ 0.165 m

�W�C S��H{ >É�p-.. S��H �W�� [�T Åà �


N LM�� Þ@$ õö� QJ ò� 0.022 m� æ4 ~�÷øùN

�Ê�ä.. XL�(distributor)� ò� 1 mm� �ú� q(ÜÊ(rectangular

pitch)* 25e û9-� .Sð(perforated plate)$ q\�ä7; sH�

è4N ���� QJ 
(ASTM 200 mesh)N üý.. X�ð, Ä»Å

�W(à� 0.052 m), Ä»Å �W(à� 0.102 m), q�þÿ, Ññ� ((

6, 20, 20, 3.5, 6 kW� vèz Y�1ñ{ 
�Æ��N �\�� ��

µ ¡
�ä7; Ä»Å7* <s�� �
� +�$ QJ 2�\ 

15 kW� preheaterN �Ê�ä.. Ä»Å7*� sH S�$ QJ Ä»

Å �W�� ò� 0.114 m, �� 0.33 m� ��N �Ê�ä7; [�

E sH� £Â$ QJ ·�[�$ �� ò� 0.0605 m� q�þÿ$

M 1
2
---O2 MO→+

CH4 4MO CO2 2H2O 4M+ +→+
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�Ê�ä.. q�þÿ �W LMæ` ,
T?� ��N Q) sample

pot4 >É�p-.. q�þÿ�C £Â�� ª` ,
� q�þÿ �

W LMæ4 >ÉE Ññ�C £Â�; Ññ� 	
 ¬�$ æ���

QJ Ññ àW� Þ@ãh�N �Ê�ä.. Æ�� �BD$ QJ 2e

� ÑñN 
�* �Ê�� ç
 q\b P -�ß �ä.. Ä»��


*� S�� q\�U7; 5 HP� \ $ �� S�Þ��� �J S

��, Þ@Æ��{ PX�¥\ ÑñN ¥� � ��±ñ* ¡B) Ø

 Ä Ë(mass flowmeter, Brooks Instrument){ MFC controller* B 

�p Ä»Å� S��U..

Ä»Å� ��# Þ@X£N ÈB�� QJ X�ð7*Wñ −0.15,

0.075, 0.165, 0.905, 1.275, 1.475 m ��� � 6e� Þ@�$ m, Þ

@ãh�{ >É�ä7; Þ@ãh��C 4-20 mA� 2���* ãh

E Þ@åI` PLC(programmable logic controller)N ¥� PC� ��

�U.. Ä»Å� ��# 
�X£� X�ð7*Wñ −0.15, 0.165,

0.905, 1.275, 1.475 m ��� �ÊE � 5e� �2�� �J ÈB�U

7; PLCN ¥� PC� ���U..

â�Ä»�r�N ÈB�� Q�� ,BÅ�CWñ Är$ ���t

C X�ð$ è) Þ@��{ Å� Þ@��N ÈB�ä.. X�ð4

Å� Þ@��� control panel� �ÊE ��� Þ@�TË� ·T�U

7; PLCN ¥� PC� �ß�U..

Fig. 2� ,rÄ»Å7*� 2�Är ÈB�¿� q\E ,
 ghÄ

»Å �¿�ÊN Víà, -.. 2
 �Ê� ��æ(riser), q�þÿ,

downcomer{ L-valve* �D�p -.. ��æ4 downcomer� à�

0.02m, �� 2.0m� ��) ="æ(quartz tube)7* �̈ �U, downcomer

�W�� q�þÿ$ �Ê�ä.. ,
 ghÄ»Å �¿�Ê� ="æ

7* �¨�U� ��� �Þ�¿�� �\b P �7; ,rÄ»Å7

*� 2�Är� �) 
�� "#/$ ÈB�� QJ q\�U.. Ä

»��
*� S�� q\�U7; ��±ñ* ¡B) ��� Ä Ë

(McMillan Co., Model 100-12)* B �p ��æ �W* <s��ß

�ä.. Åà Þ@��� L-valveN èJ ,
� ­<s�� QÊ*W

ñ �� 0.05 m{ 1.7 m� QÊ) Þ@�$ �Þz Þ@ãh�{ >É

�� ÈB�ä.. ��æ4 downcomer� 
�Æ�$ QJ ��æ`

4 kW� \ $ �� 2�1ñ 4e, downcomer� 6 kW� 2�1ñ 2

eN q\�� ���ä7; 
�Æ��* v�� 
�N Ä�T�..

[�E ,
� q�þÿ�C £Â�p downcomer{ L-valveN èJ �

�æ7* ­<s�U..

( ÄrÆÇ�C� Þ@�» 0D$ ÈB�� QJ �� s�{ �~

� ÈBE ÅyØ$ downcomer� QÊ) ,
T? <s�� �` �

Fig. 2� Q14 Q2 WX� S�N <s�� ��æ  7* ,
� gh

��ß �ä.. ��æ7* ­<s�� ,
 ` Q1� Ä $ ã�T

! Æ�b P -U.. v�� Är4 
�ÆÇ�C Åà Þ@�»� <

��5 �#$ ¡� �N B��«* ,9�ä7; B��«�C Å�

Þ@�» ��N ÈB�ä.. ,rÄ»Å7*� 2�Är` emptying

time methodN �\�� ÉB�ä.[11, 12]. v�� Är4 
�ÆÇ�

C B��«N Ä��.� L-valveN èJ ��æ7* ­gh�� ,


� "#$ 	7t ��æ�C� ,
� [�ÄM� �pV Åà ,


 � ���~ �; �� Åà Þ@��� TÔ� �$� Ú� ���

~ E.. ��æ7*� ,
 ­gh$ 	` gÔWñ sH [�� �J

Åà ,
 � ���� Åà Þ@�� ��� ��) � ¥� �BJ

Ø �G�� TÔ$ emptying time7* ÉB�ä.. Emptying time�

Bá) ÉB$ QJ Åà Þ@��N �Þz Þ@ãh�{ A/D

converter� �J ��� ��* ÈB�ä..

( �¿ÆÇ�C Þ@��� Þ@ãh�(�Þz, Validyne, P24D

Model)N q\�� 2Þ(%5 V)-TÔ ��* ¹&p H?PÂË(data

acquisition system, Real time devices Inc., AD2110 Model)N ¥�C

PC� ���ä.. ( �¿ÆÇ�C Þ@��� 100 Hz� <'P*

Fig. 1. Schematic diagram of a pressurized fluidized bed.
1. Mass flow controller   8. Cyclone
2. Water feeding pump   9. Sample pot
3. Steam generator 10. Filter
4. Preheater 11. Condenser
5. Pressurized fluidized bed 12. Water reservoir
6. Electric heater 13. Control valve
7. Solid hopper

Fig. 2. Schematic diagram of hot model circulating fluidized bed.
1. Riser 5. L-valve
2. Cyclone 6. Differential pressure transducer
3. Downcomer 7. A/D converter
4. Solid hopper 8. Personal computer
���� �41� �5� 2003� 10�



����� ���	
 �	�
��� ���� 627
10,000eN PÂ�ä..

�¿� q\) sH� Y
ghi ��>�� ��S�sH(NiO/

bentonite)*C À(s� 0.181 mm, sH)� 4,080 kg/m3�.. NiO/

bentonite sH� �Æ�*` �� ¡,[13]� H�1 VíV -7;

NiO/bentonite sH� yD4 â�Ä»�r�, ,rÄ»Å7*� 2�

Är ÈB$ Q) �¿ÆÇ` Table 1� VíV -..

3. �� 	 
�

3-1. �������

Fig. 3�� �·�7* 25oC, 5 atm�C Ärã�� Ú� ÈBE X

�ð4 Å� Þ@�� å� ã�N Víà, -.. ,BÅ�CWñ Ä

r� ���� Ú� X�ð4 Å� Þ@��� ��) � +� Är �

�Wñ� ¥� �B) å$ VíàU.. â�Ä»�r�� B�� Ú�

Å� Þ@��� ���.� �BJ�� T¨�� Är7* ÉB�ä

.. �,� Ví� ¹{ x� X�ð� Þ@��N �\�� â�Ä»

�r�N ÉB) �Z{ Å� Þ@��N �\�� ÉB) �Z� å

� Äq�ä..

Fig. 4�� 25-1,000oC� 
�ã�{ 1-6 atm� Þ@ã�� Ú� È

BE â�Ä»�r�� ã�N Víà, -.. ÈBE â�Ä»�r�

� 
�� ���� Ú� ���ä��, �� Botterill4 Teomann[14],

Botterill 	[15]� ¡,N �\�� J=b P -.. �FG� �  >�

HI� �J â�Ä»�r�N +È�� Q) �æi� �T�p Ã..

�Ø�7* � ) �æi� �WX� Ergun[16]4 Wen4 Yu[17]� �

) �æi$ �%* �, -.[18]. Ergun[16] i� ( -` §m ��

v .7*C, Ô�1 ·T�t ./� i (3)4 x..

(3)

��C k14 k2� sH�z�(particle sphericity, φs){ â�Ä»��«

�C Å� S01(εmf)/� �P�;, Wen4 Yu[17]� �
�C � 

2Û� sHN �\�� �¿) É4N �\�� k14 k2� å(k1=24.5,

k1 Remf( )2 k2 Remf( ) Ar–+ 0=

Table 1. Particle properties and experimental variables

Particle NiO/bentonite

Specific surface mean diameter 181 µm
Apparent density 4,080 kg/m3

Bulk density 1,407 kg/m3

NiO: bentonite wt. ratio 3:2

Experimental variables Minimum fluidization velocity Transition velocity to fast fluidization

Temperature 25, 200, 400, 600, 800, 1,000oC (at 1 atm) 25, 250, 400, 600
Pressure 1, 3, 5, 6 atm (at 15oC) 1 atm

Fig. 3. Effects of gas velocity on the pressure drop in the distributor (a)
and bed (b).

Fig. 4. Comparison of minimum fluidization velocities between the
measured and the calculated values. Solid lines: previous corre-
lations. 1: Leva [19], 2: Bayens and Geldart [22], 3: Wen and Yu
[17], 4: Goroshko et al. [20], 5: Bena [21]
Dash line: present correlation, Eq. (5).
HWAHAK KONGHAK Vol. 41, No. 5, October, 2003
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k2=1,650)$ ÉB�ä7; �n�7* ,d sHË� _� �\�� �

æi$ �T�ä.. Botterill4 Teomann[14], Botterill 	[15]̀  ® �

¿� ÈB3Q{ x� Remf� 20¡. ¨` �Z(0.032< Remf < 0.406)

�� i (3)� 4ã� m 56 -5 �D@-� �L�7* ¨\�,,

Ú�C Î&� i (4){ x� ·¬b P -., ¡,�ä..

(4)

i (4)�C �
)�� ,
)�� 1/1,000 B�� å$ Víà¤*

�
��� [J â�Ä»�r�� ±Ê� "#� �7;, �
���


�� ��bPß ���¤* 
�� ���� Ú� â�Ä»�r�

� ���� 67* q?�U..

ÈBE â�Ä»�r�� Þ@� ���� Ú� ���ä��, ��

Þ@� ���� Ú� �
��� �B��/ �
� )�� ����

��� i (4)� XH� ���� â�Ä»�r�� ���� 67* q

?�U.. ��/ Þ@��� Úu â�Ä»�r�� �� 7` 
��

"#� [J ¨~ Ví8��, �� �
)�� å� ,
)� å� [

J YZ ¨` å�� ��7* q?�U..

Fig. 4�� 
�{ Þ@� ã�b � �� �æiI� �J Ë�E å

I ��C ÈBå4 [ç� Äq) å$ +È�� �æiI$ ÌB�

� �� Víà, -.. �,� Ví� ¹{ x� �� �æiI ��C

Leva[19], Goroshko 	[20], Baeyens{ Geldart[21], Wen4 Yu[17], Bena[21]

� �æi� .u �æiI� [J ÈBå4 Äq) å$ +È�ä7;

� �æiI� z«� Table 2� VíàU.. ��/ � �æiI` 


�{ Þ@ ��� Úu â�Ä»�r�� ���#$ Ví9 P -U

7V Þ@� "#� �JC� .� 4�) å$ +È�ä.. Knowlton

[23]̀  â�Ä»�r�� �) ��� �æiI� 
�{ Þ@� ã�

� Úu â�Ä»�r�� ã��#` Ví9 P -:�� ÈBå4�

��� -$ P -7; � ) �Z� �æi� Bá�N eÌ�� Q

JC� �
 ·�Þ ÆÇ�C ÈB) â�Ä»�r� å$ �æi� �

s�� Ä3sH¾�(effective particle size)N �7* Ë��,, � å

$ â�Ä»�r� �æi� �s�� ,
, ,Þ�C� â�Ä»�r

�N Ë�b 6$ ;��ä.. ® >��C� �
 ·�ÞÆÇ�C ÈB

) â�Ä»�r� å$ �\�� Ä3sH¾�N Ë��,, � å$

�æi� �s�� ,
, ,ÞÆÇ�C� â�Ä»�r� å$ Ë��

� ¡ý7V, Fig. 4� Ví� 
�, Þ@ ��� Úu ( �æi� �

� �<�� ã��� ªý7;, ,
, ,Þ ÆÇ�C ÈBå� [J Y

Z ¨~ +È�� É4N VíàU.. É4�7* ��� �æi7*�

��S�sH� â�Ä»�r�N ���~ +È�� p9=.. ® >

�� �¿3Q à�C 
�{ Þ@� ã�� Úu â�Ä»�r�� ã

�N +È�� QJ Fig. 4� Ví� ��� �æiI ��C ÈBå4

�� Äq) å$ +È) Leva[19]� �æi$ ¹º7* �� ./�

Umf
dp

2 ρp ρg–( )g
k2µ

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

Table 2. Summary of previous correlations for minimum fluidizing velocity,
Umf [in SI unit]

Author Correlation

Leva [19]

Goroshko et al .[20]

Wen and Yu [17]

Bena [21]

Baeyens and Geldart [22] Ar = 1823 Remf
1.07+21.27 Remf

2

Umf
7.169 104– dp

1.82 ρp ρg–( )0.94g×

ρg
0.006µ0.88

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

Umf
µ

ρgdp

---------- Ar

1400 5.2 Ar+
----------------------------------- 

 =

Umf
µ

ρgdp

---------- 1135.7 0.048Ar+ 33.7–( )=

Umf
µ

ρgdp

---------- 1.38 103– Ar×
Ar 19+( )0.11

--------------------------------
 
 
 

=

Fig. 5. Bed pressure drop versus time (determination of emptying time).

Fig. 6. Effects of temperature and gas velocity on emptying time (deter-
mination of transition velocity to fast fluidization).
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i (5){ x` �æi$ �$ P -U7;(�æËP, r2=0.992), i (5)�

�J +ÈE â�Ä»�r� å$ Fig. 4� �� VíàU.. �,� V

í� ¹{ x� i (5)� �J +ÈE â�Ä»�r� åI` ÈBå4

×` �ÊN VíàU..

(5)

3-2. ����	
�� 
���

,rÄ»Å7*� 2�Är$ ÈB�� �*` ¾~ ,
��(solid

concentration)N �\�� ÈB�� �*4 sH[�r�N �\��

ÈB�� �*7* VÁ P -.[24]. ,
��N �\�� �*` Ä

r� Ú� Å>?$ ÈB�� �*, �B) ,
ghr��C Ärã�

� Úu Ä»Å ��# �Q@�A Þ@��N �T�� ÉB�� �

*, �B) ,
ghr��C Ärã�� Úu Åà S01� ã�N

�T�� ÉB�� �*, Ärã�� Úu Å� B¡� )�(bulk density)

N �T�� ÉB�� �*, Ärã�� Úu Åà Þ@�»� ã�N

�\�� ÉB�� �*, Ärã�� Ú� Us(1-ε)$ �T�� ÉB�

� flooding point method 	7* VÁ P -7; sH[�0D$ �\

�� �*` ÅyØ� ­gh$ ���� ÅyØ� §m [���� C

�� TÔ(emptying time)$ ÈB�, � å$ Ärã�� Ú� �T�

� ÉB�� �*(emptying time method), Ärã�� Úu â� ,


gh (maximum Gs)$ �T�� ÉB�� �*, sH¾�� Úu [

��DD(elutriability)N �T�� ÉB�� �*, Är ã�� Úu £

� ,
gh (saturated Gs)$ �T�� ÉB�� �*, Ärã�� Ú

� sH[�r�N �T�� ÉB�� �* 	7* VÁ P -.. ��

¡,I ��C ÅyØ� §m [��p Å� [E��� C�� TÔ

(emptying time)$ Ärã�� Ú� �T�� � �<�� ã�� Är

$ ,rÄ»Å7*� 2�Är7* ÉB�� emptying time method�

�� _� q\�U.[24]. ��/ �� ¡,I�C� Åà ,
� §

m [����G� C�� TÔ$ y ê³±ñ(water manometer) 	�

Þ@ËN T(�7* æ��� �*� �J ÈB) �Z� _ý7; 0

1, Är� �ÎC emptying time� P % �à5 �Z�� Bá) È

B� p9d ��� -.. Ú�C emptying time method� �J ,r

Ä»Å7*� 2�Är$ ÈB�� QJC� ¡. Bá�~ emptying

time$ ÈBb P -� �*$ q\J� ).. ® >��C� �Þz Þ

@ãh�N �\�� Åà Þ@��N ÈB�ä, � ��N X=��

Åà ,
� �WX [���� C�� TÔ$ ÉB�ä..

Fig. 5� ® >��C emptying time$ ÉB�� QJ q\E �*$

Víà, -.. �,�C 40%G�� ��æ�C [�E ,
� L-valve

N èJ ��æ7* .T <s��, [ç� <��5 Þ@��� æ�

�� B��«� �ZN VíF.. � ) B��« ÆÇ$ Ä��.�

+� TÔWñ ��æ7*� ,
 ­<s$ 	7t ��æ7*� ,


¡G� �7¤* sH[�� �J Åà ,
 � ���~ �; ��

æ�C� Þ@��� ���~ E.. ® >��C� Å� Þ@���

��) � �BJ�� T¨�� TÔ$ emptying time7* ÉB�ä..

Þ@ãh�* Åà Þ@�» ��N ÈB�� emptying time$ ÉB�

� �*` Þ@Ë� T(� æ�� �J ÉB�� �*� [J Bá)

å$ ÈBb P -� 67* q?�U..

Fig. 6�� NiO/bentonite sH� �J ((� 
��C Ärã��

Úu emptying time� ã�N VíàU.. �,� Ví� ¹{ x� Ä

r� ���� Ú� sH[�r�� ���¤* ��æ àW� ,
N

§m [�TH�� C�� TÔ5 emptying time� �I1 ��) �

�� �#� J��U.. �� ¡,� Ví� ¹{ x� Ärã�� Ú

u emptying time� �� �<�� ã�� Är$ ,rÄ»Å7*� 2

�Är, Utr* ÉB�ä..

Fig. 7�� NiO/Bentonite sH� �J 25oCWñ 600oCG�� 
�

ã�� Úu ,rÄ»Å7*� 2�Är ã�N VíàU.. �,� V

í� ¹{ x� 
�� ���� Ú� ,rÄ»Å7*� 2�Är� �

��� �#$ VíàU.. �{ x` �#` 
�ã�� Úu sH[

�r�� ã��#4 æë�� J=b P -.. ,rÄ»Å7*� 2�

Är4 x` �` Är3Q(Newton’s region)�C� 
�� ���� Ú

� sH� 2Kr�� ���, sH[�r�� ���¤* ,rÄ»

Å7*� 2�� �wp�� QJC� : �` Är� Ñ�) 67*

q?�U.. Þ@� ���� Ú� ,rÄ»Å7*� 2�Är� ��

).� Tsukada 	[25]� É4� sH[�r�{ æë�� J=b P

-.. �B Är�C sH[�r�� Þ@� ���� Ú� ����

���[23, 26-29], : õ` Är�C� ,rÄ»Å7*� 2�� �D

J�� 67* q?�U..

NiO/Bentonite sH� �J 
�ã�� Ú� ÈBE ,rÄ»Å7*

� 2�Är4 �� �æi� �J +ÈE É4N Fig. 7� �� Ví

àU.. ( �æi� z«� Table 3� H�1 VíV -.. �,� V

í� ¹{ x� Chehbouni 	[34]� �æi� �J Ë�E ,rÄ»Å

7*� 2�Är å� ® >��C ÈBE å4 �� Äq�ä7; .

u �æiI� �J Ë�E åI` ÈBå� [J 4��~ +È�U

.. �{ x` �#` ® �¿� q\E ghÄ»Å� Åò�4 æë�

� ,9b Ñ�� -.. Chehbouni 	[34]̀  Åò�� ���� Ú�

Umf
2.997 103– dp

1.636 ρp ρg–( )1.128g×

ρg
0.0247µ0.446

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

Fig. 7. Comparison of transition velocity to fast fluidization between
the measured and the calculated values. Symbols: measured val
ues, Solid lines: previous correlations.
1: Lee and Kim [30], 2: Perales et al. [31], 3: Bi and Fan [32],
4: Adanez et al. [33], 5: Tsukada et al. [25], 6: Chehbouni et al. [34].
Dash line: present correlation, Eq. (6).

    

Table 3. Summary of previous correlations for transition velocity to fast
fluidization, U tr

Authors Correlations

Lee and Kim [30] Retr = 2.916Ar0.354

Perales et al. [31] Retr = 1.41Ar0.483

Bi and Fan [32] Retr = 2.28Ar0.419

Adánez et al. [33] Retr = 2.078Ar0.463

Tsukada et al. [25] Retr = 1.806Ar0.458

Chehbouni et al. [34] Retr = 0.169Ar0.545 (Dt /dp)
0.3
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,rÄ»Å7*� 2�Är� ���� 67* ¡,) ¹ -7; �I

� �æi�� Åò�� "#� £��p -.. ® �¿� q\E gh

Ä»Å� ò�` �� >�I�C q\E �¿�Ê� [J .� ¨�

��� ,rÄ»Å7*� 2�Är� õ~ VíV� nt �� �æi

I` ® >�� �¿�Ê� [J Åò�� L Ä»Å�C �¿) É4

N ¹º7* �TE �æi�¤* ® �¿É4� [J ,rÄ»Å7*

� 2�Är$ ¾~ +È�� 67* q?�U.. Chehbouni 	[34]�

�æi� ® >��C ÈBE ,rÄ»Å7*� 2�Är$ [ç� M

+È�� �Ä� .u �æiI4� �� �I� �æi�C Åò��

"#$ ,9N� ��7* q?E.. É4�7* ,rÄ»Å7*� 2

�Är$ Bá1 +È�� QJC� Åò�� "#$ �� ,9�� 6

� �Ò) 67* q?�U..

® >�� �¿3Q à�C 
�ã�� Úu ,rÄ»Å7*� 2�

Är ã�N +È�� QJ Fig. 7� Ví� ��� �æiI ��C È

Bå4 �� Äq) å$ +È) Chehbouni 	[34]� �æi$ ¹º7

* �� ./� i (6)4 x` �æi$ �$ P -U7;(�æËP,

r2=0.997), i (6)� �J +ÈE ,rÄ»Å7*� 2�Är å$ Fig. 7�

�� VíàU.. �,� Ví� ¹{ x� i (6)� �J +ÈE ,r

Ä»Å7*� 2�Är åI` ÈBå4 ×` �ÊN VíàU..

(6)

® >��C ÈB µ J=E â�Ä»�r�� �) 
�{ Þ@�

"#4 ,rÄ»Å7*� 2�Är� �) 
�� "#` Y
ghi

��>��� ��no�{ hvno�� Æ�ÆÇ ÌB µ no� �

ËN Q) ��) H?* ¶\Ó P -.. �� ¡,� Ví� �æi

I$ �®z«* ,9�� �TE NiO/bentonite sH� â�Ä»�r

� µ ,rÄ»Å7*� 2�Är� �) �æiI` ® >�� �¿

3Q à�C â�Ä»�r�{ ,rÄ»Å7*� 2�Är$ +È��

� q\Ó P -.. )O ® >��C ,9�� P) ,rÄ»Å7*�

2�Är� �) Þ@� "#$ ,9�� QJC� ,
, ,Þ ÆÇ�

C Æ� �D) ghÄ»Å �¿�Ê� Ñ��.. ® >��C ÈBE

�¿É4I$ ¹º7* � �� 50 kW Q§� 2R �ÞghÄ»Å z

«� Y
ghi ��>��� �) �Ë{ �¨� �wpØ +B�;,

� �ÊN �\�t ,rÄ»Å7*� 2�Är� ±Ê� Þ@� "#

$ ÈBb P -$ 67* ��E..

4. � �
 

Y
ghi ��>��� ��no�{ hvno�� Æ�ÆÇ ÌB

µ �ËN Q) �® H?* �\�� QJ ��S�sH5 NiO/bentonite

sH� â�Ä»�r�� ±Ê� 
� µ Þ@� "#4 ,rÄ»Å7

*� 2�Är� ±Ê� 
�� "#$ ÈB µ J=�ä.. ® >��

�¿3Q�C �pk Éÿ$ �S�t ./4 x..

(1) NiO/bentonite sH� â�Ä»�r�� 
�{ Þ@� ����

Ú� ���ä7; ,rÄ»Å7*� 2�Är` 
�� ���� Ú

� ���ä.. â�Ä»�r�{ ,rÄ»Å 2�Är� �) �� �

æiI` 
�{ Þ@� ��� Úu â�Ä»�r�� ���#4 


���� Úu ,rÄ»Å7*� 2�Är ���#$ +Èb P -U

7V ÈBå4 ��N ¡ä..

(2) ® >�� �¿3Q à�C NiO/bentonite sH� â�Ä»�r�

{ ,rÄ»Å7*� 2�Är$ +È�� QJ ÈBå4 �� Äq)

å$ +È�� �� �æi$ �® z«* �� PBE �æi$ �T

�ä.. �TE �æi` ÈBå$ Äq�~ +Èb P -U..

�
��

Ar : archimedes number, ρg(ρp-ρg)gdp
3 /µ2 [−]

dp : particle diameter [m] 

Dt : column diameter [m] 

g : gravitational acceleration [m/s2]

Gs : solid circulation rate [kg/m2s]

k1 : constant in Eq. (3) [−]

k2 : constant in Eq. (3) and (4) [−]

Remf : reynolds number at minimum fluidization velocity [−]

Retr : reynolds number at transition velocity to fast fluidization, dpUtrρg/µ [−]

Umf : minimum fluidization velocity [m/s]

Umf : minimum fluidization velocity [m/s] 

Us : velocity of the solids [m/s]

Utr : transition velocity to fast fluidization [m/s] 

���� ��

ε : void fraction in a bed [−] 

εmf : void fraction in a bed at minimum fluidization condition [−]

µ : gas viscosity [kg/m-s] 

ρg : gas density [kg/m3]

ρp : apparent particle density [kg/m3]

φs : sphericity of particle [−]

�
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