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Abstract − Heat transfer characteristics have been investigated in the riser of gas-liquid circulation and three-phase circulat-

ing fluidized-bed bioreactors whose diameter and height are 0.102 m and 1.0 m, respectively. Effects of gas and liquid veloc-

ities and holdup of fluidized biofilm media on the heat transfer coefficient between the immersed vertical heater and the bed

have been determined. The heat transfer coefficient in the gas-liquid circulation reactor increases with increasing gas velocity,

but increases only slightly with increasing liquid velocity. The h(heat transfer coefficient) value in the three-phase circulating

fluidized-bed bioreactor also increases with increasing gas velocity or holdup of fluidized biofilm media, but it increases only

slightly with liquid velocity. The value of heat transfer coefficient has been well correlated in terms of operating variables.
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�.&/ 0.1 2 34[1-5]. 56, �� ,�7 #.8 ��� ()

9 *+��
: �� ()9 ����� ;�� "� �<=4 �>

? ()9� @A8 �� ����� 4BAC D-� EFGCH #

I�: �� ,���� JK��� ,- �� IL� ()*+�� �

	# M8NO P4. #Q R� ()*+��
: �S� T<���=

4 T<UV���� �	@W� ,- �XYZ[ "� B\� 2]^

2 3O
 ��,�7 #.8 ()*+� _� ��YZ[ +. ^ 2

34 &`4[6-10]. T< UV���� E8 "a: ���� <bc

(riser) dF�
 2efY 5AZ[ "��<� gh#? <�ij _

# kl "aNOk� 3Zm, n	o p )q	o� E8 "a� M8

YC rsd�
 2]N� 34[6-9]. T< UV���� �� ()9

����7 0.&: ()*+�[ 0.&� st
: ���� us

� @Av ()9� Sw&: x()� Ay� Yh8 z�� �kN
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�� st
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� n	o 5A� E8 \=: �2Y#! ^ 2 34. �� �
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A# �O� �� ,���� w�A�? �V _� "�YZ[ 2]

&� st
: ()9# @Av �� ,���7 UV��: UV��

Y.# �2Y#! ^ 2 34. ��? T< UV��� ()*+��
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E8 "a: �d��7 9�&� |w ,- x�&m, kl �� ��

� 3: �\#4.

�!
, � "a�
: T< UV��� ()*+��
 ��-�� p

��-��-��� ��� �� |<� �t ?�?: *+� dF�


� n	o 5A� ��& 4. ¡, T< UV��� ()*+��
 �

�Q ��� �� �%� �� ,���� �ij _# *+� dF�


� n	o �2� x¢: £¤� ¥¦& 4. #Q R� "a: T<

UV��� () *+�� �	, §�, MO _� �2YC BfY �¨

7 MB^ 2 3� ©Z[ 0¨v4. 

2. � �

� "a�
 0.8 �ªy¢: Fig. 1�
 =: «Q R# x()�

9# @Av ����7 ���&' �¬��: <bc� �¬v ��

Q �� ()9 ,���� &�&: &�c �%�, ��Q ,���

7 �\8 UV��[ 4� <bc� u���: wUVF[ aANO

34. <bc� ­D# 0.102 m#� ®#� 1.0 mC �¯° c� 0.

& 4. "��<� ��G±� s8 G±²� 4B² @W7 0.& 

:H, �<� G± u�� st ­D# 3.0³10−3m� a´� Tµ¶¢

[ G±²� ·�&/ ¸¢& 4. �� G±<� u�� st
: "

�< G¸� ~�� ­D 6.35³10−3 m� c� ¹�&' .�8 � #

c� ­D 1.0³10−3 m� º%¶»7 �¼O G± ��<� "� �<

# ��½�
 ��� d� u�N�¾ & 4[9-11]. � "a� �ª�

0.8 ��: '�v ¿ÀB�7 0.& �, �� ()9 ��[:

(u)TÁ0�
 M
v ­D# 4.0³10−4 m#� ;�� 1,130 kg/m3C

Â#z �G�2k(DIAIONSA 20AP)7 0.& :H #� )A�

Table 1� ?�dÃ4. �� Ä� ��� Å½�: x()� 100�� #

< ÆG6 ÇÈ�É "� �<� ÊËv ÌÍ � AG� Gt&: *

+# �]N�¾ & 4. x()� E	ÎÏ� ÐÑ� Ò2Ó%y�


0.v �AÔ�k ~ *ÕÔ�k7 BÖ×� hAÒ27 0.&' Æ

G8 ÁZ[ ¸Á8 � 0.& 4. � �ª� 0.8 "� �<C h

AÒ2� 
A� Table 2� ?�dÃ4.

� "a� �ªrs: ����# 0.5-5³10−3 m/s#� �� ��#

0.01-0.03 m/s 4. <bc�
: &F�
 UVN: "��<� ��(

)9 ��¼# G±²�
 ��N: ��Q ��<� R# <b&½


x() Gt *+# �]NÃZm, <bc� <F�
 ��: �F[

�¬N� "��<� ��()9 ��¼� &�c� �¬N�¾ *+

�7 §�& 4. &�c� &F�: <bc�
 �¬v �<� ��(

)9 ��� <bc� 4� ��N�¾ ­D 5.08³10−2 m� "}c#

<bc� &F� D0k/ §¢NÃ4. Ø8, *+� Ù<F� »¯Ú

� §¢&' ��()9 ��� *+� �F[ �¬Nk Û�¾ & 

Zm dF� UVN: ��� ��� ~e� �t ��()9 ���

&�c� Üt ÑÑ6 UVNÃ�, "}c� D0k/ &' ��,��

UV# Ý �O?�¾ & 4.

*+�� <bc�
 n	o |<� *+� dF� nÐ� <bc�

� n	o�(system)�
 ��& 4. nÐ(heat source)Z[: Å½#

�Z[ v ­D# 0.03 m#� Þ#� 1.2 mC ßà%k 6á7 0.&

 :H, #7 <bc� ~â� §¢& 4(Fig. 1). 6áQ G±²��

��� ãk&� s&' 6á� ä� åæ�Z[ M�v �" )q[

Ï ÐçÍÁ� �¼O FÈ& 4[9-11]. 6á� Å½� <bc dF�

z� è\� st n	E7 0.& :H, n	E(thermocouple):

J-typeZ[
 G±²Z[Fá 0.1 m� ®#�
 Àã¤Z[ 0.08 m �

éZ[ 4kÇ�
 nÐ� <bc ê½� ~ës¢�
 µµ è\& 

4. nÐÅ½� ��� �� z�ì è\� n	E� �t è\v z�

ì íî7 	¿(voltage)íî[ «ïO ðñ�7 >� A/DòV�7 0

.&' ókô íî[ «ïÃ�, # �¨¼� �� �¨ 2¾�(data

acquisition system)C DT 2805 Lap Card7 0.&' 2õ& 4. 2õ

8 �¨: PC� �e�ö � off-line process[ Ó%&' t÷& 4.

Fig. 1. Experimental apparatus for heat transfer characteristics in
three-phase circulating fluidized-bed bioreactors.
1. Riser 10. Heater
2. Down comer 11. Power supply
3. Weir 12. Thermocouple
4. Distributor 13. Control velve
5. Calming section 14. Port
6. Pressure tap 15. Amplifier
7. Compressor 16. Low-pass filter
8. Flowmeter 17. A/D converter
9. Pump 18. Computer

Table 1. Physical property of polymer resin

Specific gravity 1.13
Shipping weight (g/L) 700
Moisture retention 39−44
Effective size(mm) 0.401
Uniformity coefficient under 1.5
Operating pH range 0−14

Table 2. Composition of the concentrated synthetic wastewater

Omponent Concentration(g/L)

Glucose  5.6
CH3COONaV3H2O  9.7
KH2PO4  1.32
FeCl3V6H2O  0.006
CaCl2  0.075
(NH4)2SO4  2.8
MgSO4V7H2O  1.0
MnSO4VH2O  0.1098
NaHCO3  2.1
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#¼ z�ì �� �¨¯�Q 2õ ��� 
h� µ 
��
 <bc

dF� z�ì 5A� ?�d: 	� »øàù� t÷&:H ÆG& 

4[8, 10, 13].

T< UV��� ()*+�� <bc�
 n	o�2: ú (1)� �

t a& 4. ú (1)�
 A: nÐC 6á� Å½Y� ?�dm, dF

nÐÅ½� z�(Th)Q <bc *+��� z�(Tb)ì: \<<W�


z�ì �¨� û·ü� 0.& Zm, nÐ� �t� nj Q: nÐ

� "}v ýà-ÌþOÿá� �t �±& 4[9-11].

(1)

3. �� 	 
�

T< UV��� ()*+�� <bc�
 dFnÐ� *+� ��

z�ì ��(temperature fluctuation)� �7 ����� ò�� �!

Fig. 2� ?�dÃ4. Fig. 2�
 ý 2 3�# nÐ� *+��� z�

ì ��� ����# ð�Ë� �! ð�& 4. #Q R� z�ì �

�� û·üZ[ ∆T7 }\& 4.

()*+�� <bc�
 ()9# @Av �� ,���7 ��&

k Û� <W�
 �<� ÌÍ � AG� Gt&� st hAÒ2Q

*ÕÔ�k7 µµ 50%� gh&' *+� dF�
 x()� ��7

4,100 mg/l[ �k&: 
�
��
 2]8 n	o �2� è\ }�

7 Fig. 3� 4� ?�dÃ4. Fig. 3� ��C ¿ÀB�� ��ò�� (

)*+� dF�
� �� n	o �2� x¢: £¤� ?�d� 3

:H, �� ��# ð�Ë� �! Í� 
	
��
 n	o �2: >

� 
@YZ[ ð�&� 3: ©� � 2 34. ()*+��
 ���

�� ð�: *+� dF� G±<Z[ Sw&: �Ê� �ij� ð

���m �Ê��� �t ��N: "��<� Ô�k� ��A� ð

��É �i��� �
&�[ ��� ��# ð�Ë� �! n	o �

2: ð�84� ^ 2 34. ��? () *+�� <bc�
 ���

�� ð�: *+� dF� n	o �2� ð�� ¯/ �'&k �&

� n	o �27 �� ð���: \�C ©Z[ ?��4(Fig. 4). #

Q R� |<�, *+� dF�
 ����� ð�: ���� ���

�8 �i|<� ð�&k� "� �<� �ij# ð�&� IL� #

� <+&: �Ê �ij� ��7 ��Q �Ê� G± p ��|<�

�8 �i|<� ��&/ NO ��� *+� dF� nÐ£Ï� @

AN: D��� ��YZ[ �i� £¤# x¢k �&�[ ����

� ð�: n	o �2� ¯/ £¤� x¢k �&m �� ð���:

\�! ^ 2 34.

"��<� Sw&: ÌÍ � AG� x()� 0.&' Gt��

: ()*+��
, x()� �� ,���� us� ÇÈ�É 0.&

h Q

A Th Tb–( )
-------------------------=

Fig. 2. Typical temperature difference fluctuations in the riser of three-
phase circulating fluidized-bed bioreactors.

Fig. 3. Effects of UG on the heat transfer coefficient in the riser of gas-
liquid circulating bioreactors without solid media(εεεεs=0).

Fig. 4. Effects of UL on the heat transfer coefficient in the riser of gas-
liquid circulating bioreactors without solid media(εεεεs=0).
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½ ,- ��YZ[ ()*+� 2]&m � �X� ®� 2 3Z�[

�� ()9 ��7 ��8 D-� n	o �27 è\& 4. ��(

)9 *+��
 ����# n	o �2� x¢: £¤� Fig. 5� ?

�dÃ4. Fig. 5(a): ()9 ,� ����� �ij# 0.1C D-, (

)*+� dF�
 ��� ��# n	o �2� x¢: £¤� ?�

� ©#m. Fig. 5(b): ����� 0.02 m/s[ �\&/ �k&½
 �

���� ò�� n	o �2� x¢: £¤� ?�� ©#4. #¼ �

��
 ý 2 3�# () *+��
 ��� ��# 0.5-5³10−3m/s[

ò&: rs�
 n	o �2: ����# ð�Ë� �! Í� D-

� ð�& 4. #: ()*+� dF� ��N: ����# ð�Ë�

�! *+� dF� �Ê� �ij# ð�&/ 1 �� � !, *+�

dF�
 ��&: ��,�� ��� >�# �� �
&/ N� *

+� dF� �i� ��� ð�&� IL#!� t÷^ 2 34. #Q

R� |<� �*YC T<����
� }�Q� �0&4� ^ 2 3

4[12, 14, 15].

T< UV��� ()*+��
 ��� ��# n	o �2� x¢

: £¤� Fig. 6� ?�dÃ4. Fig. 6(a): ()*+� dF� �� ,

���� �ij# 0.15C D-#� Fig. 6(b): ��� ��� 3³10−3m/s

[ �\&/ �k8 D-#4. #¼ ���
 ý 2 3�# ()*+�

dF� n	o �2: ��� ��# ð�Ë� �! Í� D-� ð�

&: ©� � 2 34. 56, Fig. 4Q ��&' =½ ��,���� S

w&: T< ()*+�� D-� ��,���� �: ��-�� ��

�=4 ��� ��# ð�Ë� �! *+� dF�
� n	o �2

� � ð�&: ©� � 2 34. #: �ÊQ R# ()*+� dF�

G±<Z[ Sw&: �� ,���¼# ��� ��# ð�Ë� �!

�� �
&/ ���NO *+� dF�
 �i|<� ð�7 ���

�� � !, µ <¼� ����� ðENO *+� dF£Ï� *+

� dF� Sw&: nÐ� us�
 n	o# Ý �O�4� ^ 2 3

4. #Q R� |<� �*YC T< ��� *+�? �� ��� *

+��
 ��� ��# ð�Ë� �! ��� dF�
� n	o �

2� ÙEü� =#: ©� E
Y#! ^ 2 34[12, 15]. ¡, �*Y

C T< ��� *+��
: ����# �� rs�
: ��� �

�# ð�Ë� �! ��� dF�
 n	o �2� ð�&? ���

�# � rs�
: � ��# �� ��
 ����� �ij� âµ

8 ��7 ��Q º6  n	o �2� ��&: ©Z[ =� N� 3

4. ��? � "aQ R� ,�� UVN: UV��� *+��
:

��� ��# ò�&'� �� ,���� UV��7 �\&/ �k

�É u�[ �� ,���� �ij� âµ8 ��|<# �O?k Û

� ����# ð�&'� n	o �2: �� ð�&� ��&k Û

:4� ^ 2 34.

T< UV��� ()*+��
 �� ,���� �ij# *+�

dF� n	o �2� x¢: £¤� Fig. 7� ?�dÃ4. Fig. 7(a):

����# 0.015 m/s[ �\&/ �kN: 
�#m, Fig. 7(b): ��

��# 4³10−3m/s[ �kN: 
�� �ª}�#4. #¼ ���
 ý

2 3�# ()*+� dF�
 n	o �2: *+� dF� Sw&:

��,���� �ij# ð�Ë� �! ð�&: ©� � 2 34. #

Fig. 5. Effects of UG on the heat transfer coefficient in the riser of three-
phase circulating fluidized-bed bioreactors.

Fig. 6. Effects of UL on the heat transfer coefficient in the riser of three-
phase circulating fluidized-bed bioreactors.
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: �*YC T<��� *+��
Q R# �� ,���� �ij#

ð�Ë� �! �� ,���Q nÐ�� �� !�2� ð�&m, ��

,���¼� �t *+� dF�
 <b&: ����(fluid element)�

��� ãt&: ��¼� �t ()*+� dF�
� �i��

(turbulence intensity)� ð�&� IL� *+� dF�
� n	o "#

� ��YZ[ ���$ 2 3O
 n	o �2: ð�84� ̂  2 34.

Å½� x()9� @A8 �� ,���� �: �-� #<*+��


 dFnÐZ[Fá *+��Z[� n	o �2: ú (2)Q R� <

cúZ[ ?�% 2 3Ã4.

 
h2=3715 UG

0.086 UL
0.024 (2)

ú (2)� <c�2: 0.97[ Fig. 8�
 =: «Q R# �ª}�Q Ý

�¢& 4.

8$, �<� ÊËv ÌÍ � AG� ��YZ[ Gt&�st Å½

� x() 9� @A8 �� ,���7 0.8 T< UV��� ()

*+��
� n	o �2: ú (3)� R# 
�ò2� <cúZ[ ?

�% 2 3Ã:H,

h3=5439 UG
0.075 UL

0.034 εs
0.115 (3)

ú (3)� <c�2: 0.96Z[ Fig. 9�
 =: «Q R# �ª}�Q

Ý �¢ & 4.

4. � �

T< UV��� p ��-�� UV ()*+��
 n	o 5A�

UV*+�� <bc� §¢v dFnÐ� <bc�� n	o �27

è\Ë� �t ��YZ[ t÷^ 2 3Ã4. ��-�� UV ()*

+��
 n	o �2: ��� ��# ð�Ë� �! >� 
@YZ

[ ð�& Z?, ����# ð�Ë� �!
: ¯/ ò�&k Û&

4. T< UV��� ()*+��
 n	o �2: ��� �� p

�� ()9 ,���� �ij# ð�Ë� �! ð�& Z? ��

��# ð�Ë� �!
: �� ð�& 4. � "a� �ªrs�


��-�� UV ()*+�Q T< UV��� ()*+��
� n

	o �2: µµ 4Â� R� �	ò2� <cúZ[ ?�% 2 3

Ã4.

h2=3715 UG
0.086 UL

0.024

h3=5439 UG
0.075 UL

0.034 εs
0.115

Fig. 7. Effects of εεεεs on the heat transfer coefficient in the riser of three-
phase circulating fluidized-bed bioreactors.

Fig. 8. Correlation for the heat transfer coefficient for gas-liquid system.

Fig. 9. Correlation for the heat transfer coefficient for gas-liquid-solid-
system. 
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.
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� "a: 8��fw� 'Y�("a�M(1999-1-307-006-3)� kÐ

Z[ 2]NÃZm #� �0)* 4.


���

A : surface area of heater [m2]

h2 : heat transfer coefficient in gas-liquid circulation bioreactor [W/

m2K]

h3 : heat transfer coefficient in three-phase circulation fluidized-bed

bioreactor [W/m2K]

Q : heat flow [J/s]

Tb : bed temperature [K]

Th : heater temperature [K]

∆T : mean temperature difference [K]

UG : superficial gas velocity [m/s]

UL : superficial liquid velocity [m/s]

���� ��

εs  : solid phase holdup [-]

�
��
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