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Abstract − Transition velocity from turbulent to fast fluidization has been measured by emptying time method in a high tem-

perature circulating fluidized bed(0.02 m i.d. and 2.0 m high) of sand particle(specific surface mean diameter: 0.256 mm, particle

density: 2,617 kg/m3) with variation of temperature(15-600oC). Measured transition velocity from turbulent to fast fluidization

increased with increasing temperature. The previous correlations on transition velocity to fast fluidization compared with the meas-

ured values. Among the previous correlations, correlation of Chehbouni et al.[19] shows relatively good results.
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concentration)  
u�� �F�& A�~ ����	�  
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�F�& A�"V �� � j9. �;:�  
u�& A�P �	�
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u�� �F�& A�, �	>?� =8 Us(1-ε){ ���� �F�&

flooding point method +"V �� � j"' ����k�{ 
u�

& A�P �w]� -./{ �_� �w]
 $� ���&7 �t

& ��(emptying time){ �F�� 
 �{ �	>?� =8 ���

� �F�& A�(emptying time method), �	>?� =� �� �;

./<(maximum Gs){ ���� �F�& A�, ���f� =� �
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1P �	���"V� v
�	{ �F�& A�{ Z��� �q#�

j"' ¡¡� �FA�{ (u, TL�~¢{ K£�� �q#� j

9. Table 1� �q� ¤¥ ¦
 f§ ��¢ ¨�� �w]
 $� �

��m �
 �©2&7 �t& ��(emptying time){ �	>?� =

8 ���� ª f«f� >�& �	{ �	���"V� v
�	"V

�F�& emptying time method� �� ¬
 (u�­9. �2® f

§ ��¢��& �# �;� $� ���&7¯2 �t& ��{ w

°±²³(water manometer) +� ��|  �¡´"V µ¶�& A��

�H �F, WX� ¬·"' k�, �	
 C_� emptying time
 � ̧


#¹ WX�& Fº, �F
 m»c �¼
 j9. =8� emptying

time method� �H �	���"V� v
�	{ �F�f GH�&

�9 Fº�� emptying time{ �F3 � j& A�{ (uH½ ,9.

Table 2& �	���"V� v
�	� ²¾& �¿ >�¢� ÀB

� �, f§ TL¢{ K£�� �q#� j9. ��� Á5� ÀB

"V Chehbouni +[19]� ÂÃ�~�� �ÄW
 
�Å� =8 �	

���"V� v
�	
 
��& Æ"V �qÇ9. ��k�� ÀB�

Table 1. Methods for determining transition velocity from turbulent to fast fluidization

Type Methods Symbol in Table 4 Authors

Solid concentration Bed expansion versus U 1 Lewis et al.[3]
Yerushalmi et al.[4]
Avidan and Yerushalmi[5]
Schnitzlein and Weinstein[6]

-∆P/∆Z-U-Gs phase diagram 2 Yerushalmi and Cankurt[7]
Horio et al.[8]
Bi et al.[9]
Jiang and Fan[10]
Horio et al.[11]
Adánez et al.[12]
Tsukada et al.[13]

Voidage-U-Gs phase diagram 3 Chen et al.[14]
Li and Kwauk[15]
Kwauk et al.[16]
Perales et al.[17]
Li et al.[50]

Bed bulk density versus U 4 Chehbouni et al.[18, 19]

Pressure fluctuation 5 Leu et al.[20]
Yang et al.[21]

Flooding point method 
Us(1-ε) versus U diagram

6 Adánez et al.[12]
Namkung et al.[22]

Entrainment Emptying time versus U 7 Lee and Kim[23]
Shin et al.[24]
Han et al.[25]
Perales et al.[17]
Adánez et al.[12]
Chehbouni et al.[18, 19]
Delebarre et al.[26]
Namkung et al.[22]

Maximum Gs versus U 8 Schnitzlein and Weinstein[6]
Adánez et al.[12]

Elutriability versus dp 9 Le Pauld and Zenz[27]

Saturated Gs versus U 10 Bi et al.[28]

Entrainment rate versus U 11 Yi et al.[29]

Table 2. Factors influencing on the transition velocity from turbulent to fast fluidization.

Variable increased Effect on Utr Source

Bed geometry Bed diameter(Dt) Increase Chehbouni et al.[19]

Particle properties Mean particle diameter(dp) Increase Shin et al.[24]
Han et al.[25]
Perales et al.[17]
Jiang and Fan[10]
Adánez et al.[12]

Particle density(ρp) Increase Yerushalmi and Cankurt[7]
Avidan and Yerushalmi[5]

Operating condition Pressure(P) Decrease Tsukada et al.[13]
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�H Shin +[24], Han +[25], Perales +[17], Jiang~ Fan[10], Adánez +

[12]P ���f� 
�Å� =8 �	���"V� v
�	
 
�

�& Æ"V ���È"' Yerushalmi¥ Cankurt[7], Avidan~ Yerushalmi

[5]& ��1�� 
�Å� =8 �	���"V� v
�	
 
��

& Æ"V ���È9. NONÉ� ÀB"V Tsukada +[13]P 0.1-

0.7 MPa� ��ÊG�� ÂÃ, �~ ��
 
�Å� =8 �	��

�"V� v
�	
 ËU�& Æ"V ���È9.

Table 3P �	���"V� v
�	{ Ì��f GH Í�M f§

� 4µz¢{ K£�� �q#� j9. Î� �q� ¤¥ ¦
 $%

4µz
 Ï
ÐÑ �(Retr)¥ _6ÒÓ7n �(Ar)� Å�V ÎÔ�­

9. �2® Tsukada +[13]� 4µz 
Õ� 4µz¢P 4Y, 4� N

É� ÂÃ�Ö  ¤×"V Í�M 4µz"V� Ï
ÐÑ �¥ _6Ò

Ó7n �� [ÅM f;1�¥ f;¼�� >?� 0& NÉ�� Í

�M 4µz
' �2 z� Á5  ØbIÙ(dimensionless group) Á

5V ÎÔ�f GH f;1�¥ f;¼�� Ú{ [Å�Û 4µz
9.

Ü, Tsukada +[13]� WX�& ��� ÀB{ �»�È"� ��


>?3 WX f;¼�& D� EF�� �2�' f;1�® >?,

WX
f ÝÞ� f;¼�� >?  Åß �»�f GH�& Y�>?

� =� �	���"V� v
�	� �, ÂÃ~ Åß Y�ÀB�

�, f§ 4µz¢� Hà � �� �, áâ� ãK�9.

f§� TL¢{ äS´"V -��� ./���TUV� NONÉ

~ ¦P �Y��� NÉ��, �	���"V� v
�	� ²¾& Y

�� ÀB� �H�& ��M ¤ 0"' Í�M 4µz¢� Ï
ÐÑ

�(Retr)¥ _6ÒÓ7n �(Ar)� f;1�¥ f;¼�� Ú
 [Å�

m j"� f§ ÂÃ¢P �åZ 4Y, 4�� ÂÃNÉ�� �æM �

~
f ÝÞ� �Y��� ´u � �� �H�& ÂÃ�~¥� �ç

  è, º¹
 ãK�9. Ü, �¿ 4µz¢
 Í��m jf ÝÞ

� f§ 4µz¢~ ÂÃ�~¥� �ç, áâ  èH �	���"V

� v
�	{ �� ´S�� Ì�3 � j& 4µz{ éF�& Æ


�	��� v
�	{ 
H�&7 �ê{ ë � j9.

ì TL& f;����� Y�� >?� =� �	���"V� v


�	� >?  Hà�f GH $í  �w]V (u�� �Y� 

>?�Ò�� �	���"V� v
�	{ �F d �¶�È9.

2. � �

Fig. 1P ì ÂÃ� (uM �Y ./��� ÂÃ�¾  �q#� j

9. v; �¾& 4îµ(riser), (
)*, downcomer¥ L-valveV L�

�m j9. 4îµ~ downcomer& #W 0.02 m, C
 2.0 m� ïð,

àÀµ(quartz tube)"V Íñ�­� downcomer 4å�& (
)*{

ò¾�È9. ��?f;V& ef� (u�­"' �n²³V �F,

ó2ô �<|(McMillan Co., Model 100-12)V F<�m 4îµ �å

V a���õ �È9. �# ��ö÷& L-valve  èH �;� -a�

�& G¾Vå³ C
 0.05 m¥ 1.7 m� G¾, ��¼{ b�Á ��

>/f¥ T��� �F�È9. 4îµ~ downcomer� Y�Nø{ G

H 4îµP 4 kW� u<{ ù& vf�³ 4ú, downcomer& 6 kW�

vf�³ 2ú  (u�� �h�È"' Y�NøfV I�& Y� 

�2�û9. ��M �;& (
)*�� [ü�m downcomer¥ L-

valve  èH 4îµ"V -a��­9.

ÂÃ� (uM ��& $íV� ý\�WP 0.256mm, ��1�(apparent

density)& 2,617 kg/m3, þ�1� 1,222 kg/m3
9.

¡ �	NÉ��� ��K� k�{ �F�f GH ÿ� ��¥ Ø

�� �FM �w]{ downcomer� G¾, �;�Ö a�L� �P

} Fig. 1� Q1~ Q2 åZ� ef  a��� 4îµ �"V �;�

./��õ �È9. 4îµ"V -a��& �;<P Q1� �<{ >

?�� Nø3 � j­9.

I�& �	~ Y�NÉ�� �# ��K�
 af´¹ WB{ �E

Ý  F445V �»�È"' F445�� �� ��K� ö÷  �

F�È9. �	���"V� v
�	P Table 1� �q� emptying

time method  
u�� �F�È9. I�& �	~ Y�NÉ�� F

445  �2�9� L-valve  èH 4îµ"V -./�& �;�

��{ �"� 4îµ��& �;� ����
 Em� �# �;<


ËU�� �' 
Ý� �# ����� ��
 2�� =8 ËU��

M9. 4îµ"V� �; -./{ �P .�å³ �� ��� �H �

# �;<
 ËU�� �# ���� ö÷� ËU, } D� EFH]

Ý¯2� ��{ emptying time"V �F�È9[24, 25]. Emptying time

� Fº, �F{ GH �# ����  b�Á ��>/f¥ A/D

converter� �H ó2ô ö÷V �F�È9. �	���"V� v
�

	 �F{ G, ÂÃP am� NÉ�� 3y o	ÂÃ{ èH -Ô�

{ �¶�È9.

¡ ÂÃNÉ��� ��ö÷& ��>/f(b�Á, validyne, P24D

Model)  (u�� v�(±5 V)-�� ö÷V ¤
m �Ö�ü|(data

acquisition system, Real time devices Inc., AD2110 Model)  D��

PC� ���È9. ¡ ÂÃNÉ�� ��ö÷& 100 Hz� a��V

10,000ú  �ü�È9.

Table 3. Summary of correlations on the transition velocity from tur-
bulent to fast fluidization

Authors Correlations

Lee and Kim[30] Retr = 2.916 Ar 0.354

Perales et al.[17] Retr = 1.41 Ar0.483

Bi and Fan[31] Retr = 2.28 Ar0.419

Adánez et al.[12] Retr= 2.078 Ar0.463 
Tsukada et al.[13] Retr = 1.806 Ar0.458 
Chehbouni et al.[19] Retr = 0.169 Ar0.545(Dt/dp)

0.3 

Fig. 1. Schematic diagram of experimental apparatus.
1. Riser 5. L-valve
2. Cyclone 6. Differential pressure transducer
3. Downcomer 7. A/D converter
4. Feed hopper 8. Personal computer
���� �39� �4� 2001� 8�
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3. �� 	 
�

3-1. �������� 	
�� ��

Fig. 2& ì TL�� emptying time �F� (uM A�{ �q#�

j9. ì TL��& �# ����  b�Á ��>/f  
u��

�F�È9. ª
�� 40̧ ¯2& 4îµ�� ��M �;� L-valve

  èH 4îµ"V 9� a��& F445� ��ö÷  �q�9.


¿, F445 NÉ�� 4îµ"V� �; -a�{ �"� 4îµ

"V� �; ��
 0"�V ����� �H �# �;<
 ËU�

� �' 4îµ��� ����� ËU�� M9. Fig. 2& F445�

�å³ ��ö÷  �F�f �ñ, } 40̧ � �­{ Ýå³ �; 

-./�Ò2 xP WX� ��ö÷  �q#� j"' ª �� 
}

å³ �# ����� ËU, } �åZ� ��� ������ ��

ö÷� EFH�9. ì TL��& �� ����� ËU, } EFH

2f �ñ�& ��{ emptying time"V �F�È9. ��>/fV

�# ��K� ö÷  �F�� emptying time{ �F�& A�P �

�|� �¡´ µ¶� �H �F�& A�� �H Fº, �{ �F3

� j& Æ"V (Ö�­9. ª
� �q� ¤¥ ¦
 am� NÉ�

� 3y� �� o	ÂÃ{ �È"' 3y� ÂÃ�� �P emptying

time �P D� �(�È� �b& �� 1̧  
#È9.

Fig. 3P ¡¡� Y��� �	>?� =� emptying time� >? 

�q#� j9. ª
� �q� emptying time �P 3y ÂÃ� ý\�

{ (u�È9. ª
� �q� ¤¥ ¦
 �	
 
�Å� =8 4î

µ#� �;  $� ���Ò&7 �t& ��¹ emptying time
 �

�� ËU, } ËU WB
 �?�­9. f§ ��� �q� ¤¥ ¦


 �	>?� =� emptying time� ËU f«f� >�& �	{ �

	���"V� v
�	, UtrV �F�È9[12, 17-19, 22-26].

3-2. �������� 	
��
 ��� ��� ��

Fig. 4& 4Yå³ 600oC̄ 2� Y�>?� =� �	���"V�

v
�	 >?  �q#� j9. ª
� �q� ¤¥ ¦
 Y�� 


�Å� =8 �	���"V� v
�	
 
��& WB{ �q#­

9. 
¥ ¦P WBP Y�>?� =� ����	�� >?WB~ µ

��� Hà3 � j9. ����	�� ²¾& Y�� ÀB� �, f

§ TL  ���� TL�¢� =8 Y�
�� =8 ����	��

ËU,9& ��[32-38]¥ 
�,9& ��[39, 40] d Y�� ÀB


D� 09& ��[41, 42] + �V 9� �~� Í�M ¤ j9. 
��

�V 9� TL�~� �H Choi +[43]~ Ryu¥ Choi[44]& Y�>

?� =� ����	�� >?WB
 am� �	
 ª ��� ä�

	�(terminal velocity)¥ ¦_2& �W(dpt)� >?V F�´"V �

q� � j9� ���È9. �, dpt� 
�& ��� �H2& Ú��


�  �²�� 
m� ����	�� 
�  Ì�3 � j"', Q

"V dpt� ËU& ����	�� ËU  Ì�3 � j9� ���È

9. Ü, ª¢P $í��(ý\�W 0.172 mm, ��1� 2,509 kg/m3)

  (u�� �F, ÂÃ�~�� �P �	(0.8 m/s)��& Y�� 


�Å� =8 ������	�� 
���, ¨��	(1.0-1.6 m/s)��

& Y�
�� =8 ËU, } 9� 
��', CP �	(2.1 m/s)��

& Y�� 
�Å� =8 |	´"V ËU�& Æ"V ��, ¤ j9.

Fig. 5& ì ÂÃ� (u, $í��(ý\�W 256µm, ��1�

Fig. 2. Bed pressure drop versus time-emptying time determination.

Fig. 3. Emptying time versus gas velocity-Utr determination.
HWAHAK KONGHAK Vol. 39, No. 4, August, 2001
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2,617 kg/m3)� �H ì ÂÃ� �	ÊG¥ Y�ÊG�� |�M dpt�

>?  �q#� j9. ª
� �q� ¤¥ ¦
 emptying time{ �

F, $% �	�� Y�� 
�Å� =8 dpt� ËU�È"' �~´

"V ì TL� �	ÊG��& EF �	�� Y�� 
�Å� =8

����	�� ËU�& Æ{ Ì�3 � j9. =8� Y�� 
��

� ����	�� ËU��V �	���"V� v
� 
�m2f

GH�& � CP �	
 ãK, Æ"V (Ö�­9.

�;#�� ���& �;���& Ú�, å� d ¨�
 ñu�� �

' 
   �2 !� �H �;��� ä�	�(terminal velocity)� �F

M9. ��� ä�	�& _í� z (1)~ ¦
 ÎÔM9.

(1)

�f� CD& ÂÃ´"V �F�& Ú�|�(drag coefficient)
' �

�ÀQ� =8 9"~ ¦
 ÎÔi � j9.

for Rep < 5.76 (2)

for 5.76 < Rep < 541 (3)

for 541 < Rep < 200,000 (4)

Ú�|�(CD)& Rep� Å�
' z (2)å³ (4)��¥ ¦
 ��ÀQ

� =8 96� ÎÔM9. �~´"V Y�>?� =� ä�	�� >

?WBP (CDρg)� >?V ü£i � j"' ��� Ï
ÐÑ �(Rep)

� =8 ¡ ��ÀQ�� 9"~ ¦
 ÎÔM9.

for Rep < 5.76 Stokes’ region (5)

for 5.76 < Rep < 541 Intermediate region (6)

for 541 < Rep < 200,000 Newton’s region (7)

,�, Y�� 
�Å� =8 ef� 1�& ËU��, ¼�& 
�,

9. Rep� ñP Stokes’ region��& CDρg� f;¼�� �#��V

Y�
�� =8 éÁ´"V 
��', Newton’s region��& CDρg�

f;1�� �#��V Y�
�� =8 ËU�� intermediate region

��& CDρg� (ρgµ)0.5� �#�', (ρgµ)0.5& Y�
�� =8 ËU�

� �U¼{ �¹ } 9� 
��& WB{ �¹9. �~´"V �	

���"V� v
�	~ ¦P CP �	ÊG(Newton’s region)��&

CDρg� f;1�� �#�� Y�
�� =8 ËU��V ä�	��


��� ����	�& ËU��V � CP �	�� �	���"

V v
�& Æ"V (ÖM9.

�� 
�� =8 �	���"V� v
�	
 ËU,9& Tsukada

+[13]� �~� ����	�¥ µ��� Hà3 � j9. EF �	

�� ����	�& ��
 
�Å� =8 
��f ÝÞ�[45-49],

� �P �	��� �	���"V� v
� � H2& Æ"V (Ö

�­9.

Ut

4gdp ρp ρg–( )
3ρgCD

--------------------------------
1 2⁄

=

CD
24
Rep

---------=

CD
10

Rep
1 2⁄

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

CD 0.43=

CDρg µ∝

CDρg ρgµ( )0.5∝

CDρg ρg∝

Fig. 4. Transition velocity from turbulent to fast fluidization versus tem-
perature.

Fig. 5. Effect of temperature on particle diameter whose terminal velocity
is equal to the fluidizing velocity.

Fig. 6. Comparison between measured Utr and calculated values by pre-
vious correlations.
symbols: measured values, lines: calculated values
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3-3. �� ����� ��

Fig. 6P ì TL�� Y�>?� =8 �FM �	���"V� v


�	~ f§ 4µz� �H Ì�M �~  �ç�� �q#� j9.

¡ 4µz� Á5& Table 3� �q� j9. ª
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Fig. 7. Comparison between measured transport velocity from turbulent to fast fluidization and calculated values by previous correlations.
�: measured values in this study, (a) Lee and Kim[30], (b) Perales et al.[17], (c) Bi and Fan[31], (d) Adánez et al.[12], (e) Tsukada et al.[13], (f) Che-
hbouni et al.[19]�
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Table 4. Summary of experimental conditions and results of previous studies on the transition velocity from turbulent to fast fluidization

Authors Dt[m] Ht[m] Particles dp[µm] ρp[kg/m3] Geldart’s group T[oC] P[kPa] Utr[m/s] Utr Determining method*

Yerushalmi and Cankurt[7] 0.152 8.5 FCC
HFZ-20
Alumina

49
49
103

1070
1450
2460

A
A
B

A.C. A.C. 1.37
2.10
3.85

2
2
2

Chen et al.[14] 0.09 FCC
Alumina
Alumina
Iron ore
Iron ore

58
54
81
56
105

1780
3160
3090
3050
4510

A
A
B
A
B

A.C. A.C. 1.25
2.0
2.6
2.0
4.0

3
3
3
3
3

Li and Kwauk15] 0.09 8.0 Alumina 54 3160 A A.C. A.C. 2.45 3

Lee and Kim[23] 0.078 Cement
Raw meal

23.6 2500 A A.C. A.C. 1.80 7

Avidan and Yerushalmi[5] 0.152 8.5 FCC
Dicalite
HFZ-20

49
33
49

1070
1670
1450

A
A
A

A.C.
A.C.
A.C.

A.C.
A.C.
A.C.

1.40
1.10

1.82.1

1
1
1

Shin et al.[24] 0.0762 2.5 Coal 205
395

1720
1720

B
B

A.C.
A.C.

A.C.
A.C.

1.58
2.28

7
7

Han et al.[26] 0.078 2.6 Coal 730
1030

1400
1400

B
D

A.C.
A.C.

A.C.
A.C.

1.78
2.09

7
7

Kwauk et al.[16] 0.30 4.0 FCC 58 1780 A A.C. A.C. 1.85 3

Li et al.[50] 0.09 FCC 54 930 A A.C. A.C. 2.50 3

Horio et al.[8] 0.05 FCC
Sand

60
106

1000
2600

A
A

A.C. A.C. 0.92
4.50

2

Le Palud and Zenz[27] 0.15 3.25 FCC
HFG-20
Alumina

49
49
103

1070
1450
2460

A
A
B

A.C. A.C. 1.2-1.5
1.7-2.5
3.7-4

9
9
9

Leu et al.[20] 0.108 Sand ~90 ~26000 ~B A.C. A.C. ~2.27 5

Yang et al.[21] 0.224 FCC 67 1700 A A.C. A.C. 1.5 5

Perales et al.[17] 0.092 2.9 FCC
Sand

80
120-177
177-250
250-400
250-500
500-750
750-1200

1715
2650
2650
2650
2650
2650
2650

A
B
B
B
B
B
B

A.C. A.C. 1.99
1.69
1.82
3.67
3.63
4.98
6.31

3, 7

Bi et al.[9] 0.102 Polyethylene ~325 660 B A.C. A.C. 2.25 2

Jiang and Fan[10] 0.102 6.32 Polyethylene
Polyethylene
Glass beads
Glass beads

3400
4500
2160
5000

1010
920
2500
2500

D
D
D
D

A.C. A.C. 4.6
5.02
6.99
8.65

2
2
2
2

Horio et al.[11] 0.05 Sand
FCC

106
60

2600
1000

B
A

A.C. A.C. 4.50
0.95

2
2

Adánez et al.[12] 0.10 3.9 Sand 170
170
170
170
387
561
710
710
710
710
894
344

2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600

B
B
B
B
B
B
B
B
B
B
B
B

A.C. A.C. 3.05
3.1-3.2
3.0-3.2
3.15
4.40
5.05
5.45
5.60
5.4-5.8
5.6
6.15
4.30

6
2
8
7
7
7
6
2
8
7
7
7

Coal 316
561
710
894

1400
1400
1400
1400

B
B
B
B

A.C. A.C. 3.00
3.60
4.00
4.50

7
7
7
7
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Ar : Archimedes number, ρg(ρp−ρg)gdp
3 /µ2 [-]

CD : drag coefficient [-]

dp : particle diameter [mm]

dp : mean particle diameter [mm]

dpt : particle diameter having a terminal velocity that is equal to t

superficial velocity [mm]

Dt : column diameter [m]

g : gravitational acceleration [m/s2]

Gs : solid circulation rate [kg/m2s]

Ht : column height [m]

P : pressure [kPa]

Rep : particle Reynolds number, dpUρg/µ [-]

Retr : Reynolds number at transition velocity to fast fluidization, dpUtrρg/µ
[-]

T : temperature [oC]

U : superficial gas velocity [m/s]

Ums : minimum slugging velocity [m/s]

Us : velocity of the solids [m/s]

Ut : terminal velocity [m/s]

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

Table 4. Continued

Authors Dt[m] Ht[m] Particles dp[µm] ρp[kg/m3] Geldart’s group T[oC] P[kPa] Utr[m/s] Utr Determining method*

Tsukada et al.[13] 0.05 0.4 FCC 46 1780 A A.C. 100
350
700

0.75
0.50
0.41

2
2
2

Chehbouni  et al.[18] 0.082 FCC 78 1450 A A.C. A.C. 1.1-1.2
1.2
1-1.1

3, 4, 7 (APT)
3, 4, 7 (DPT)
3, 4, 7 (CP)

0.082 Sand 130 2650 B A.C. A.C. 2.4
2.3
2.0

3, 4, 7 (APT)
3, 4, 7 (DPT)
3, 4, 7 (CP)

Chehbouni et al.[19] 0.082

0.200

Sand
FCC
Sand
FCC

130
78
130
78

2650
1450
2650
1450

B
A
B
A

A.C. A.C. 2.20
1.10
3.05
2.24

4, 7
4, 7
4, 7
4, 7

Delebarre et al.[26] 0.2 1.0 Glass bead 68 2490 A A.C. A.C. 0.93 7

Yi et al.[29] 0.035 4.65 KSZ1 59 1820 A A.C. A.C. 1.7 11

Namkung et al.[22] 0.1 5.3 FCC 65
65

1720
1720

A
A

A.C. A.C. 1.40
1.44

7
6

Silica sand 125
125

3055
3055

B
B

A.C. A.C. 2.40
2.52

7
6

A.C.: ambient conditions, DPT: differential pressure transducer, APT: absolute pressure transducer, CP: capacitance probe
*Symbol listed in Table 1
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∆P : pressure drop [mmH2O]

∆Z : axial distance [m]

��
�  !

ε : average gas holdup [-]

µ : gas viscosity [kg/m-s]

ρg : gas density [kg/m3]

ρp : apparent particle density [kg/m3]
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