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Abstract − Heat transfer characteristics between the immersed heater and the fluidized bed have been investigated in the riser

of a three-phase circulation fluidized bed (0.102 m ID�3.5 m in height). Effects of gas (0.01-0.07 m/s) and liquid velocities

(0-0.31 m/s) and solid circulating rate (2-8 kg/m2s) on the temperature difference fluctuations between the immersed heater

and the bed, and thus on the heat transfer coefficients have been examined. The temperature difference fluctuation signals have

been measured at a steady state and interpreted in terms of the standard deviation. The heat transfer coefficient and standard

deviation of temperature fluctuations have increased with increasing gas velocity or solid circulating rate, however, the stand-

ard deviation has decreased while the heat transfer coefficient has not changed considerably, with increasing liquid velocity.

The heat transfer coefficient has been well correlated in terms of gas and liquid velocities and solid circulation rate.
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R �� |}� ��-��-��#	 $%EF4 56 7�89 ;<~

3F4 ��GH" 7�8� R �4 �H" ��^� �1. kl j

mn, Y� ;<8 ��	 23� ����- � ��@ �_8: 
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ab4 ELGH" R�Q R �  ;<�� ��23��� ;<�n

Q R �1[3-7].
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� �  �?�1. �n@, � 
��@  ��23����@ ��-�

�-��	 $%L �
 (�� 	& ./.  ����L ���#	

�~� CD4 ����1. X, ��23����@ ��r ��	 ��

'�� ��23�i� ����L ���#	  i¡ ¢� £ �~�

�R� ¤¥  ¦§4 ¨©��1. �r M� 
�  ��23���

;<�	 ª~, «�, �c y� ¬RG� >­G �®- �>Q R �

4 �H" u®x1.

2. � �

� 
��@ uIw �¯A¥  Fig. 1�@ O  °r M� ����

- ��q�[ �±8:  �²UL �²U ��	 ��-�� ���,

����- ³A�  hopper, '�� ����- g?w 23�i" 1

8 �²U� ´�8:  �� loop-seal" �D^c �1. �²U� µ

�� 0.102 m�� ¶�� 3.5 m� j�· U4 uI��1. 
���

L �����	 ��¸� 1>¸ +,- uI�� ¹, µ� 3 mm	

�º4 �»¼¥" fg�½ ¾¥��1. �����	 ´�4 p&@

  
�� �¾� ¿#� µ� 6.35 mm	 U4 À��[ I$w Á �

U� µ� 1 mm	 Â�¼Ã- l�c ���L 
��� �gJ�@

��� �� ´�^iÄ ��1. 
��� ��"  � 	 Å4, ��

�� ��"  [Lx ÆÇ>�- uI���, �� ��"  µ��

2.1 mm�� �i� 2,500 kg/m3� ���- uI��1. �¯op 

����� 0.01-0.07 m/s�� ��	 ��� 0.25-0.31 m/s�È1. Loop-

seal	 ��r ÉJ�@  g?w ��	 ��- ´��[ �²UH"

18 ��^  ��	 Ê4 ËÌ���, 23^  ��	 Ê� butter

fly valve- �I�[ �¯GH" É?�� ¹[6-8] � 
�	 �¯o

p�@ �� 23 �i  2-8 kg/m2�s�È1.

Heater"  ÍJ� �H" x µ�� 3 cm� ÎÏ�� �Ð- uI

�� ¹, �- �²U	 ¿V� «¥��1(Fig. 1). �Ðr ��¸L	

$%4 Ñ��� p�[ �Ð	 Ò� ÓÔÕH" �ax Ì
 ÅÖ"

��×WÊ4 l�c ����1[9-11]. �Ð	 ÍJL �²U ��	

 i É?4 p& �~�- uI�� ¹, Thermocouple� J-typeH"

��¸H"�Ð 0.5, 0.9, 1.3, 1.7 m	 ¶�	 ÇÑ§ 4�B�@ ��

L �²U ØJ	 ¿Ùp¥�@ É?��� � Ú�	 ÛfÚ4 �²

U�@ ���	  i" uI��1. �²U ���@ ��ÍJL ��

� ��#	  i¡¢�	 É?� �~�� 	& É?x  i¡-8#

ÜÝ- ÞÏ(Volt)-8# ÜÝ" °ßc 7à�- _á A/D â3�-

uI�[ ã�ä ÜÝ" °ß�, � �®�4 ���®RÄ�(Data ac-

quisition system)� DT 2805 Lap Card- uI�[ Rå��1. Rå

w �®	 ��  » �¯Ëæ�@ 500 Hz" 6ç�� Rå�[ 3000

è �®- éc PC� �ê8ë Á off-line process" ì�GH" í

��[ &î��1. ��  i¡¢� �®��r Rå�i	 Ëï� »

Ëæ�@ �²U ��	  i¡¢� CD4 ./�  ~� ÃðÏñ4

&î� ¹ ò���1.

��23���	 �²U�@ �~��R  ó (1)� 	& ���1.

ó (1)�@ A  ��� �Ð	 ÍJG� ./��, �� ��ÍJ	  

i(Th)r ���	  i(Tb)	 ¡  ?��,�@  i¡ ¢��®	

ÛfÚ4 uI��H�, ��� �&ô �õ Q  ��� 
öx ÞÏ-

÷øcùÐ� 	& ��^È1[9-11].

(1)

3. �� 	 
�
 

��23���	 �²U�@ ����L ���#	  i¡ ¢�	

~+G� ú- ����(UG), ����(UL) '�� ����	 23�

i(GS)	 âq� �n »» Fig. 2� ./�È1. X, g?w ��	

��L ����	 23�iËæ�@ ����	 âq� �n  i¡¢

�	 CD âq- Fig. 2(a)� ./�È ¹, ����	 7�� �n

 i¡¢�	 ô�Rr ôà� 7��  �§4 ./�� �1. �r

M� �§� ���*õ	 âq� �û ���@ üjÞ R � ¹,

����	 7�" ���*õ� 7��½ ^c ��� ��� ��	

��� 7��� ��	 �� ��� ýcþ ��	 èÿ_�� 7�

�� |}H" &îQ R �1[12, 13]. kl jmn ���*õ	 7�

  M� �� ��	 Ëæ�@ �²��� 	& ����� aI� 

drag force	 \]- �þr ����	 �*õ� �# 7���, � 

=w ��r ��	 ?��
 _�4 Ñ&�  Ñ&EL(hindrance effect)

- ./� �	 Rê­G _�	 �¨�i� 7��� |}H" Þ R

�1[1, 2]. �r M� �~���@	 )*(�	 7�  �~�EL-

7�89 Fig. 2(a)�@ Þ R ��� ∆T	 ÛfÚ� ����� 7�

�� �n \]�  �4 � R �1.

��23����@ �� ��� ������ ' ��� 2.1 mm�

Q hA Th Tb–( )=

Fig. 1. Experimental apparatus.
1. Riser 12. Low-pass filter
2. Down commer 13. A/D convertor
3. Hoppor 14. Computer
4. L/S separator 15. G/L distributor
5. Pressure tap 16. Liquid reservoir
6. Butterfly valve 17. Pump
7. Compressor 18. Power supply
8. Control valve 19. Temperature indicator
9. Flowmeter 20. Heater

10. Resistivity 21. Probe thermocouple
11. Amplifier
���� �38� �6� 2000� 12	
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	 ��� 0.25 m/s���@ ./.½ ^ ¹[6, 7] ����	 23 �

�Ëæ�@ ����	 7�  Fig. 2(b)�@ Þ R ��� ����L

���#	  i¡ ¢�	 ôàL ô�R	 \]- �þ	H., Ûf 

i¡(∆T)  
 âq�� _	 g?w �H" ./�1. ��23���

	 �²U�@ g?w ��r ����	 Ëæ�@ ���� 23�i

	 âq� ��L ���#	  i¡¢�� ¤¥  ¦§4 Fig. 2(c)�

./�È ¹, Gs� 7��� �n  i¡¢�	 ô�Rr ôà� 7�

�. ∆T	 ÛfÚ� \]�  �4 � R �1. �  Gs� 7���

�n �²U ���@ )*(�� 7��� |}H" &îQ R �1.

�²U�@ �¯âR	 âq� ����L ���#	  i¡� ∆T

	 ¢�� ¤¥  ¦§4 ?õGH" ./�� p&, ∆T¢�	 Í
�

¡- Fig. 3� ./�È1. � '��@ Þ R ��� ∆T¢�	 Í


�¡  ��	 ��� 7��J \]�., ����L ����	 23

�i� ¿��J 7���1. �²U�@ ��	 ��� 7��J, ��

@ ��w °r M� ��� �� ��	 �*õ� 7��½ ^c �

�	 R� �j�� ��� �ô ���� ��	 �apG�� �¨

�G� èÿ_�� 7��½ ^c �~��	 ¨�D� \]�½ ^�

[12-15] �n@ ∆T¢�	 Í
�¡  7��½ x1� «©Q R �1.

Fig. 3�@ ����� 0.25 m/s ��� ^J ��	 ��� 7���

�n �~� system _�	 �¨�DL �apD� \]w1� Q R

�1. ��23����@ ����	 23�i� g?Q |, ��	 �

�� 7��� �n@ ����	 �*õ� \]�½ ^ ¹, �  �

���	 7�" �& �� �²�i	 7�- �þr ����	 �

��ii 7�^� |}H" &îQ R �1[5, 9]. �r M� �²U�

@ �����*õ	 \]  ��r ��	 �*�
� ����r	

ò�� 	w Ñ&EL(hindrance effect)	 \]- �þr �" �w

)*	 YZ?i� \]�� |}H" &îQ R �1. w� ����

23�i	 7�  ���*õ4 7�8:  öL- �þÂ�, �  �

�� ���@ ��-���
� �w Ñ& EL	 7�- �þr �²

U��@ YZ�  )*	 �i- 7�8:�, ����� �����

L $%�  �R� ���½ ^c ���� �j�½ ^!" ∆T 

\]�½ ^. �~��	 �¨�G�� �apG� _�� 7�^½

^c ∆T¢�	 Í
�¡� 7�w1� Q R �1[10].

��23���	 �²U�@ ��	 ��� ����L ���#	

�~��R� ¤¥  ¦§4 Fig. 4� ./�È1. � '��@ Þ R

��� ����� 7��J �~��R� 7���1. �  g?w �

�23�ir ����	 Ëæ�@ ����� 7��J ��	 ���

���, �n@ ��r �;^  ��ÁJ	 r*(wake)	 ��i ��

½ ^c �~�� �Ew )*	 �i� 7�^� |}� ����	

ÍJL ���#	 �~��R  7�w1� Q R �1.

����L ��23�i� g?Q | 
��� ����	 7��

�û �~��R	 âq- Fig. 5� ./�È1. � '��@ Þ R �

�� ������� 23^� 8a�  ����(0.25 m/s)�@  �~

��R� �# 7��1� 0.25 m/s ���@, X 23���¦��@

�~��R  ����	 âq� _	 ¦§4 �� �  �4 � R

�1. �  ����	 7�" �& YZ�  )*" ��´p	 �*

���	 � � �jþ �~��R- 7�8:d  ¦§L, ����

� 7��� �û �²U�� ���*õ	 \]" ��[ ��r �

Fig. 2. Typical examples of temperature difference fluctuations in the
riser of three-phase circulating fluidized beds.
A: UL=0.29 m/s, GS=4 kg/m2s, B: UG=0.03 m/s, GS=2 kg/m2s, C: UG=
0.03 m/s, UL=0.29 m/s

Fig. 3. Standard deviation of temperature fluctuations with the variation of UG, UL and GS in three-phase circulating fluidized beds.
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	�
�#	 $% �iR� \]�H" ��ÍJ ���	 � - �½� 

EL	 \]" �w �~��R- \]8:  ¦§� @" �!^�

|}� �H" &îQ R �1. �r M� (�� Fig. 2(b)	  i¢

��@i üjÞ R � ¹, ����� 0.25 m/s ��g | ����

	 7�� �n  i¢�à� \]�  �4 � R �1. �  p�@

tw °r M� ���*õ	 \]" �w )*	 �i� BB \]�

� |}��, �� ¦§	 �!EL" �& ����	 7��i ��

�� ∆T  _	 âq� �  �H" ./�1.

g?w ��r ��	 ��Ëæ�@ ��	 23�i� �~��R

� ¤¥  ¦§4 Fig. 6� ./�È ¹, ��23�i� 7��� �

n ����L ���#	 �~��R  7��4 O�1. �����

�	 23� �  ������@ �~� (�4 "e�  ¿¢w ¢

��" ����r ��#	 $%�iR, �§ ��¢](fluid element)	

Ñ& EL, ����	 ª�� 	& h�^  ��	 �!EL '��

�" �& YZ�  )*�i	 7� y4 � R � ¹[6, 7, 11, 12],

��	 23�i� 7��J �²U �	 ���*õ� \]�� ��

�*õ� 7��!", 7�x �����	 ��q (�4 ì& ��

ÍJL ��#	 56 ��w $%�iR- ./# kl jmn ��

ÍJ´p	 �*���� micro eddy	 7�- �þr ��´p	

���	 � - \]8:½ ^c �~��R  7�w1� Q R �

1.

� 
�	 �¯op�@ ����L ���#	 �~��R  ó (2)

r M� �¯âR�	 �UóH" ./# R �È ¹ �  �U�R

0.932" �¯öLr � $%1.

(2)

4. � �

(1) �����	 �²U�@ ����L ���#	 �~�CD4 �

���L ���#	  i¢�CD4 �î�H"& ELGH" &îQ

R �È1.

(2) ��23���	 �²U�@ ���� ����� 7��� �n 

�� ��ÍJL ���#	  i¡ ¢�ÜÝ	 ô�Rr ôà� 7�

�[ �	 Í
�¡� 7���H�, ����L ���#	 �~��

Ri 7���1.

(3) 
��� ����	 7�  ��r ��	 �*�
�@ ���

�	 ���i- 7�89 ���*õ� \]�½ ^�, �n@ ��

��r	 ò�� 	w )*YZ ?i	 \]"  i¢�	 ô�Rr

ôà� \]���l, ����	 7�� 	& �����	 � � \

]�� ���
 ��	 )*� 7��[ ���*õ	 \]" �w

)*\]	 �!EL |}� �~��R  �½ âq�� �%1.

(4) �²U� '�^  ��23�i	 7�  �²U� �-��
	

Ñ&EL	 7�" �& )*(�	 7�- �þ	H�, �" �& �

�ÍJL ���#	  i¡¢�	 ô�Rr ôà� 7��[ Í
�¡

� 7���H� Gs	 7�� �n �~��Ri 7���1.

(5) ��23���	 �²U��@	 �~��R  ��r ��	 �� 

'�� ��23�i	 �UóH" ./# R �È1.

h 3235 uG
0.106uL

0.054Gs
0.090=

Fig. 4. Effects of UG on the heat transfer coefficient in the riser of three-
phase circulating fluidized beds.

Fig. 5. Effects of UL on the heat transfer coefficient in the riser of three-
phase circulating fluidized beds.

Fig. 6. Effects of GS on the heat transfer coefficient in the riser of three-
phase circulating fluidized beds.
���� �38� �6� 2000� 12	
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A : surface area of heater [m2]

dp : particle diameter [mm]

GS : solid circulation rate [kg/m2s]

h : heat transfer coefficient [W/m2s]

Q : amount of heat [cal/s]

∆T : temperature difference between the heater surface and the bed

proper [K]

Tb : temperature in the bed proper [K]

Th : temperature of heater surface [K]

UG : superficial gas velocity [m/s]

UL : superficial liquid velocity [m/s]

SD : standard deviation of ∆T fluctuation

���� ��

ρp : particle density [kg/m3]
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