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º £

çã� 0.152 m�� ¸�& 2.5 m� âç � Fÿ[öB �*�ßWö &� ��¢ >¯~&
. 6�, Ú¦�ö" Fÿ[

*~ �*�êöB >K�' ßW" �*�"~ �&Wj �V~V *� {K;~, [cc, çÚ~ï ?f >K�' ßWj

¦Æ~&
. VÚf �Ú~ F³ �Ò� [���� �*� ê>ö �~º 'Ëj Ö;~&
. b" �"B {»�V �Ò�

&ê& 877.3 kg/m3, çã� 4 mm� &&ê �Ò*�j2j '' �Ú, VÚ 5 �Úçb� ÒÏ~&
. �Ú�²Fÿz³

êf ' ç~ Ú~ïf {K;~ ª�¶ò�¦V ;{;~»ö ~� Ö;~&
. âç � Fÿ[öB �*�ê>º VÚ~

F³� Ã&�ö V¢ Ã&~&b¾ �Ú~ F³ 5 [���~ æzö V¢Bº �&8j ¾æÚî
. �Ú�²Fÿz³ê

º VÚ~ F³� Ã&�ö V¢ 6N'b� 6²~&
. Ú¦�ö" Fÿ[*~ �*� ê>º � ��~ 
þº*öB 


þæ>~ �>f ZNö�b� '' ç&�j ¾æâ > ®î
.

Abstract − Heat transfer characteristics have been investigated in a three-phase inverse fluidized bed whose diameter and

height are 0.152 m and 2.5 m, respectively. Hydrodynamics such as pressure drop, bed expansion and phase holdups have been

also examined to analyze the relation between the hydrodynamics and the heat transfer coefficient in the immersed heater-to-

bed heat transfer system. Effects of gas and liquid velocities and bed porosity on the heat transfer coefficient have been deter-

mined. Tap water, filtered compressed air and low density polypropylene whose density and diameter are 877.3 kg/m3 and 4 mm

have been used as a liquid, gas and solid phase, respectively. The minimum liquid fluidization velocity(ULmf) and individual

phase holdups have been obtained from the pressure drop profiles by means of static pressure drop method. It has been found

that the heat transfer coefficient has increased with increasing gas velocity, but it has exhibited a maximum value with the vari-

ation of liquid velocity or bed porosity in three phase inverse fluidized beds. The minimum liquid fluidization velocity had

decreased gradually with an increase in the gas velocity. The heat transfer coefficient has been will correlated as a function of

operating variables and in terms of dimensionless groups, respectively, within this experimental conditions.
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1. B �

âç � Fÿ[f �Ú«¶~ &ê& �Ú�
 ·V r^ö VÚº

Fÿ[~ 7¦ªöB çßOËb� v�º >�, �Úº &~ ~ËOË

b� v�º Ë~(countercurrent) vªö ~� Fÿz B
. ¯, �Úç

j �Ú«¶ö ·Ï~º B ¦Kö >&OËb� v�² ~� Fÿ[

~ =¦ª¦V j¾OËb� Fÿz�Ò > ®
[1-4].

��� âç � Fÿ[f *Û'� âç Fÿ[~ Ë6� 7/ Î"

& ±�, � 5 bî *� Î"& çú~
º Ë6 �öê 7K� jò

¦Kö >~� Fÿz�Êº � Fÿz~ ßWj �Ï� > ®bæ�


�W~ «¶¾ �²«¶ �~ ÒÏöê � Ïê¢ {Ë�Ò > ®


~Æ
. âç � Fÿ[f &¦ª~ ãÖ «¶~ ¯�V &ê& ·�¾


Ö �²� «¶¢ ÒÏ~² >æ� ¶Ö �Ú F³b� Fÿz& >

V r^ö ö.æ ²j& Ôb�, �Ú «¶~ îÎ¢ �²z � > ®


º Ë6ê ®
. 6� VÚ F³òb�ê Fÿz& &Ë~V r^ö

�b�' ö>¾Ò, �z� �Ò� 
� "æÖëöê � wÏWf z

× {&F > ®j ©b� .ÒB
. ß®, âç � Fÿ[f Fÿ«¶
†To whom correspondence should be addressed.
 E-mail: kangyong@hanbat.cnu.ac.kr
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~ ~.ö ;W>º �b�' jª(biofilm)~ vþ¢ �^~² �.�

> ®V r^ö �b�' ö>¾Ò 5 >w, Î²�;z �ö 
Ö F

Ï~² wÏF > ®
 ~Æ
[5-9].

��¾, âç � Fÿ[ö &� ��º *Ò 
Ö ��~� �ÚÁ�

'b� �B �·�êö ®º 
;�¢ ~Æ
[10-12]. 
ò, VÚ-�Ú

ç�¾ �Ú-�Úç~ 7/j 
�º �ç � Fÿ[(Two-Phase Inverse

Fluidized Bed)�¾ Â~ 7/[ö &� ��
� æ.ræ Þ&® �

�Úæ� ®
[13-16]. âç � Fÿ[� � wÏª¢� ö>¾Ò¾ �

z� ª¢~ >wV� ÒÏF ãÖ >wV¾ 7/�;~ Nê¢ ¢;

Nê� Fæ�¢ ~º ãÖ& n®�öê ®�~� âç � Fÿ[ö

B �*�*çö &� ��º �ÚÁ�¢ ï�~� �~ ��Úææ

p~
. V¢B, � ��öBº âç � Fÿ[~ �ë' wÏö 7º�

j>' ��' ¶ò� �*� ßWö &� �V~&b�, âç � Fÿ

[~ >K�' ßW� �
 �*� ßWö �~º 'Ëj ¦Æ~&
. 

2. 
 þ

� ��öB ÒÏB 
þË~º Fig. 1öB �º :f ?� çã�

0.152 m ID�� ¸�& 2.5 m� j�Ú &j ÒÏ~&
.

Fÿ �Ú«¶�º &ê& 877.3 kg/m3�� çã� 4 mm� �;~

�Ò*�j2 «¶¢ ÒÏ~&b�, �³�ç(continuous liquid phase)

b�º bj, VÚªÖç(dispersed phase)b�º �"B {»�V¢ Ò

Ï~&
.

Fÿ«¶~ � Fÿj *� �³�çj Fÿ[~ ç¦öB ~¦� ¢

;F³b� �¢~² v�² ~V *� 
�6 ;�~ �Ú ªÖ6j

ÒÏ~&º�, �Ú ªÖ6f çã 3 mm~ �sj â'b~� �¢~

² V~~&
. �Þ, VÚªÖçf Fÿ[~ ~¦öB "«>Ú ç¦

� çß~ê� ~&º� VÚ ªÖç~ �¢� ª�¢ *� Fÿ[ ~

¦ 6ö çã 6.35 mm~ &j �¢~² 4B ã«~� Ï7� ê � &

ö çã 1 mm~ JÒbÊ¢ ¢; *Ïb� ò
Ú ÒÏ~&
. �f

?f �Úç" VÚªÖç~ "«O»f âç Fÿ[öB ÒÏ®j ã

Ö 
Ö Î"'b� �Úç" VÚ ªÖçj &ö "«�Ò > ®º ©

b� rJ^ ®
[12, 17-19].

>K�' ßWj �V~V *� VÚ ªÖ6b�¦V 0.25 m *~¦

V »OËb� 0.25 m *Ïî
 {K�j ò
Ú �Ú î�zVf {

KbB¢ '' J~~&
. 6� �*� ßWj �V~V *�B Fÿ

[ 7�ö çã� 0.0254 m ̂ �& 2.0 m� �öj J~~&� ¢;�

�ïj �/� > ®ê� *ö�/V(power supply)f �Ö~&
. F

ÿ[ Ú¦f �ö*~ NêG;j *~� iron-constantan Òî~ J-type

�*&¢ ÒÏ>î
. Fÿ[ Ú¦~ Nêº Fÿ[ 7�¦f Fÿ[

�" ã�~ 7*æ6ö �Ú ªÖ6b�¦V 0.3 m ~�¦V »OË

b� 0.15 m~ *Ïj v� 4B~ �*&¢ J~~&b� �
 ' �

*&öB áÚæº 8~ ï�8j Fÿ[ Ú¦Nê� ~&
. �ö��

~ Nêº ?f Òî~ J-type~ �*& 4B¢ �ö��ö ¦O�B '


þ��öB~ ï�8b� �ö��~ Nê¢ �~&
.

� ��~ �ëº*º �ÚF³� 0-7 cm/s, VÚF³� 0.2-1.0 cm/s

¢ >æ pf º*öB 
þ~&
.

âç � Fÿ[öB~ VÚ, �Ú 5 Fÿ �Ú«¶ ç
~ Ú~ïf

;{;~»ö ~� j¾~ �
ö ~� �~&
[17-19].

(1)

(2)

(3)

Fÿ[ Ú¦öB Ú¦ �ö" Fÿ[*~ C* �*� ê>º �öö

&�ê �ï" �ö��" Fÿ[*~ NêN�¦V j¾~ �ö ~�

êÖ~&
.

(4)

�VB, Qº �öö &�ê �ïj ¾æÚ� º �ö��" Fÿ

[*~ ï�NêN¢ ¾æÞ
.

3. Ö" 5 �V

âç � Fÿ[öB, VÚ~ F³j ¢;~² Fæ� ��öB �Ú

~ F³j Ã&�Ê� Fÿ[ Ú~ �*^� � {K;~º Fig. 2öB

�º :f ?� �Ú F³j Ã&�Î ¾röº {K;~& /Ï® ¢

Ú¾� �²8j �� êö 
� Ã&� ê jò� æz¢ ~º ©j

r > ®
. �f ?f Fÿ[ Ú¦öB~ {K;~ ·çb�¦V ¢;

VÚF³~ ��öB «¶& �²Fÿz ~º �Ú~ F³(ULmf)j �

� > ®
[3, 4, 11]. � ��öBê �ÚF³� Ã&�ö V¢ {K;

~& �²8j ¾æÚº ��j �² Fÿz ��b� �� �r~ �

Ú F³j �² Fÿz ³ê� Ö;~&
. �f ?� Ö;B �Ú~ �

²Fÿz ³êº Fig. 3öB �º :f ?� VÚ F³� Ã&�ö V¢

�� 6²~º ©j r > ®
. âç � Fÿ[öB Fÿ«¶~ &ê

& �³�ç~ &êf � N�& ¾æ pº ãÖöº, ¦F>Ú ®º «

¶ö £*~ ¾ò &�^ê «¶& Fÿz � > ®º� VÚ~ F³j

 dP
dz
------ εsρs εLρL εGρG+ +( )g=–

εs

Ws

ρsA1H
----------------=

εS εL εG 1=+ +

h Q

A2 T∆
--------------=

T∆

Fig. 1. Schematic diagram of the experimental apparatus.
1. Calming section 10. Amplifier
2. Liquid distributor 11. Lab card
3. Heater 12. Computer
4. Gas distributor 13. Vent line
5. Thermocouples 14. Gas flow meter
6. Pressure sensor 15. Liquid flow meter
7. Manometer 16. Air compressor
8. Thermocouple 17. Pump
9. Power supply 18. Reservoir
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Ã&�Úb�� çßV�ö ~� FB>º âç � Fÿ[ Ú¦öB �

Ò~º �³�ç~ vª Î"& Ã&>Ú «¶¢ Fÿz ~Vö jº

� �Ú~ F³f 6²�
� � > ®
[3, 4]. V¢B, âç � Fÿ[

öB ¦F«¶& Fÿz ~Vö jº� �ç~ �² Fÿz ³ê(ULmf)

º Fÿ[ Ú¦öB çß~º VÚ~ F³� Ã&�ö V¢ 6²�


� � > ®
.

�Þ, âç � Fÿ[öB VÚ~ F³� Ã&~�, Fÿ[ Úö �Ò

~º çßV�~ Ú~ï� Ã&~² >�, �� �� �Ú~ vªÎ"

ê Ã&~² >Ú ¦F«¶
j ªÖ�Êº Ö"¢ &^f Fÿ[~ ̧

�ê Ã&~² B
. V¢B, Fig. 4öB �º :f ?� VÚ~ F³�

Ã&~� Fÿ[~ ̧ � Ã&f çßV�~ Ú~ï~ Ã&¢ &^f [

���� Ã&�
� � > ®
. Fig. 5öº �Ú F³~ Ã&& [�

��ö �~º 'Ëj ¾æÚî
. Fÿ[~ [ ccf ~;~º �Ú

~ F³� Ã&~� 
Ö "6~² Ã&~² >Ú ?f VÚ F³~ F

ÿ��öB �Ú Ú~ï~ � Ã&¢ &^f Fig. 5öB �º :f ?�

[���� �² Ã&�j r > ®
.

Fig. 2. Determination of ULmf in three-phase inverse fluidized bed.

Fig. 3. Effects of gas velocity on ULmf in three-phase inverse fluidized
bed.

Fig. 4. Effects of gas velocity on the bed porosity in three-phase inverse
fluidized bed.

Fig. 5. Effects of liquid velocity on the bed porosity in three-phase
inverse fluidized bed.
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âç � Fÿ[öB VÚ~ F³� Ú¦ �ö" Fÿ[*~ �*�ê

>ö �~º 'Ëj Fig. 6ö ¾æÚî
. � �âöB " > ®�� V

Ú~ F³� Ã&�ö V¢ �*� ê>º �� Ã&�j r > ®
.

�f ?f *çf âç Fÿ[öBf FÒ~² J«� > ®
[17-19].

¯, âç � Fÿ[öB VÚ~ F³� Ã&~� çß V�~ Ú~ï�

Ã&~� >ê ôj^B V�f V�
*~ 7/" �Ú öò jî¢

�³ �ç" ªÖ Fÿ«¶
"ê 7/~�B Fÿ[ Úö Â~*çj

Ã&�Î
� � > ®
. �f ?f Â~ *ç~ Ã&º Fÿ[ Ú¦

ö ·f î��� ²Ïò�(micro eddy) *çj FB~� Ú¦ �ö"

Fÿ[*~ �*� &�j 6²�B �*� ê>¢ Ã&�Î
� � >

®
[17-19]. öò jî¢, VÚ F³~ Ã&º Fÿ«¶~ �ÿê �


�B~² Ã&�Êº� �
 «¶
f Fÿ[ Ú¦öB Ú¦�ö" 7

/~�B Ú¦�ö "*ö ;WB ­f ï(thin film)" ¦P& � ï~

vþ¢ 6²�Êº Î"¢ &^f Ö� Ú¦ �ö ��öB~ �*�

&�j Î"'b� 6²�B �*� ê>& Ã&~² B
� J«� >

®
.

�Þ, âç � Fÿ[öB �Ú~ F³� �*� ê>ö �~º 'Ë

j Fig. 7ö ¾æÚî
. � �âöB " > ®�� �*� ê>º �Ú

~ F³� Ã&�ö V¢ Ã&~&
& �Ú~ F³� z× Ã&~�


� 6²~º ãËj ¾æÚÚ, �ÚF³~ Ã&ö V¢ �&8j ¾

æêj r > ®
. �f ?f *çf, � Fÿ[öB �Ú ~;³ê&

Ã&~² >� ¦F «¶
~ Fÿ'�� [~ ccj &^J� �ö

V¢ «¶
� Fÿ~�B �B~² �³�ç öò jî¢ Ú¦�ö"

ê Î"'b� 7/~�B [ Ú~ Â~;ê¢ Ã&�Î
� � > ®


. V¢B, �Ú F³� Ã&~� Ú¦�ö" Fÿ[ *~ �*� ê>

& Ã&�
� � > ®
. ��¾, �Ú F³� z× Ã&~� Fÿ[

~ cc� z× 
æ� Fÿ�Ú «¶f �ö ��*~ 7/ Î"f Â

~ ;ê& 6²~� �Ú F³~ Ã&ö V¢ �*� ê>º £* 6²

�
� � > ®
. V¢B, âç � Fÿ[öB �*� ê>º �ÚF

³� Ã&�ö V¢ �&8j ¾æÞ
�ê � > ®
. Fig. 7öB "

> ®��, Ú¦ �ö" Fÿ[*~ �*� ê>& �&8j ¾æÚº

r~ �ÚF³f VÚ~ F³� Ã&�ö V¢ 66 6²~º ©j r

> ®
. �º âç � Fÿ[öBº ¦FFÿ«¶~ &ê& ·bæ�

VÚ~ F³� Ã&�ö V¢Bê Fÿ[~ [� cc~æ� �ö V

¢ Fÿ«¶~ Ú~ï� 6²~² >V r^b� �C� > ®
. 6�

Fig. 3öBê J«~&�� VÚ~ F³� Ã&�ö V¢ ¦F«¶~ F

ÿz¢ *� �Ú~ �²Fÿz³ê& 6²~V r^b�ê J«� >

®
. �f ?f *çf âç � Fÿ[öB [���� [ Ú¦~ �*

� ê>ö �~º 'Ëj ¾æÞ Fig. 8öBê ¾ ¾æ¾ ®
. � �â

öB, VÚF³� Ã&�ö V¢ [���~ æz�� §jæº ©f :

� �öB J«� :f ?� �Ú~ F³öò jî¢ VÚ~ F³� Ã

Fig. 6. Effects of gas velocity on h in three-phase inverse fluidized bed. Fig. 7. Effects of liquid velocity on h in three-phase inverse fluidized
bed.

Fig. 8. Effects of bed porosity on h in three-phase inverse fluidized bed.
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&�ö V¢Bê � Fÿ[~ [���f 'Ëj Aº ©j r > ®
.

âç � Fÿ[öB Ú¦�ö" Fÿ[*~ �*� ê>¢ � ��~


þº*öB VÚF³" �ÚF³~ �>� � (5)f ?� ¾æâ >

®î
. � (5)~ ç&ê>º 0.972� 
þÖ"f ¾ ¢~~&
. 6�,

�
 �*� ê>¢ � (6)" ?f ZNö�~ �>� ¾æâ > ®îb

� � (6)~ ç&ê>º 0.912�î
.

h=15680 UG
  0.310 UL

  0.050 (5)

Nu=0.65 Re
 0.820 Pr

 0.660 (6)

4. Ö �

âç � Fÿ[öB �*� ßWj �V� Ö" 
r" ?f ­ &æ

Ö�j áj > ®î
.

(1) âç � Fÿ[öB VÚF³� Ã&~� �³�ç~ vªÎ"&

Ã&>Ú «¶¢ Fÿz~Vö jº� �Ú~ F³� 6²~V r^ö

�²�ÚFÿz ³ê(ULmf)º VÚ~ F³� Ã&�ö V¢ 6²~&
.

(2) âç � Fÿ[öB VÚ F³� Ã&~� çß V�~ Ú~ï�

Ã&~� Â~*ç" î��� ²Ïò� *çj FB� öò jî¢ F

ÿ«¶~ �ÿj �B~² Ã&�B �*� &�j Î"'b� 6²�

ÊV r^ö VÚ F³� Ã&�ö V¢ �*� ê>º Ã&~&
.

(3) âç � Fÿ[öB �*� ê>º �Ú F³�¾ [���� Ã

&�ö V¢ �&8j ¾æÚîb�, �*�ê>& �&8j ¾æâ r

~ �ÚF³f VÚF³� Ã&�ö V¢ 6²~&
.

(4) âç � Fÿ[öB �*� ê>º � 
þº* ÚöB VÚ 5

�ÚF³~ ç&�" ZNö�� Nusselt >, Prandtl > �Ò� Reynolds

>ö ~� 
r" ?f ç&�b� ¾æâ > ®î
.

h=15680 UG
  0.310 UL

  0.050

Nu=0.65 Re
  0.820 Pr

  0.660

ÒÏV̂

A1 : cross-sectional area of the column [m2] 

A2 : surface area of heater [m2] 

Cp : specific heat [cal/kgK]

dP : particle diameter [mm]

g : gravitational acceleration [m/s2]

H : bed height [m]

h : heat transfer coefficient [cal/m2Ks]

kL : thermal conductivity of liquid phase [cal/mKs]

Nu : Nusselt number [-], hdp(1−εS)/kLεS

Pr : Prandtl number [-], CpµL/kL

Re : Reynolds number [-], dp(UG+UL)ρL/µLεS

Q : heat flow [cal/s]

T : temperature [K]

∆T : mean temperature difference [K]

UG : superficial gas velocity [m/s] 

UL : superficial liquid velocity [m/s]

WS : weight of solid particle [kg]

�Ò�Ê ^¶

ε : phase holdup [-]

ρ : density [kg/m3]

µ : viscosity [Pas]

~Î¶

G : gas phase 

L : liquid phase 

S : solid phase

 

�̂̂ ò

1. Fan, L. S.: Butterworths, Boston, Stoneham, MA(1989).

2. Fan, L. S., Muroyama, K. and Chern, S. H.: Chem. Eng. J., 24, 143

(1982).

3. Ibrahim, Y. A. A., Briens, C. L., Margaritis, A. and Bergongnou,

M. A.: AIChE. J., 42, 1889(1996).

4. Legile, P., Menard, G., Laurent, C., Thomas, D. and Bernis, A.: Int.

Chem. Eng., 32, 41(1992).

5. Garcia-Calderon, D., Buffiere, P., Moletta, R. and Elmaleh, S.: Wat.

Res. 32, 3593(1998).

6. Tang, W. T. and Fan, L. S.: Ind. Eng. Chem. Res., 29, 128(1990).

7. Chern, S. H., Muroyama, K. and Fan, L. S.: Chem. Eng. Sci., 38,

1167(1983).

8. Choi, H. S. and Shim, M. S.: Korean J. Chem, Eng., 16, 670(1999).

9. Buffiere, P. and Moletta, R.: Chem. Eng. Sci., 54, 1233(1999).

10. Nikolov, V., Farag, I. and Nikov, I.: Bioprocess Eng., 23, 427(2000).

11. Lee, D. H., Epstein, N. and Grace, J. R.: Korean J. Chem. Eng., 17,

684(2000).

12. Park, H. Y., Cho, Y. J., Lee, C. K. and Kang, Y.: Proc. of Interna-

tional Symposium on Chemical Engineering, Feb. 8-11, Cheju Island,

305(2001).

13. Karamanev, D. G. and Nikolov, L. N.: AIChE J., 38, 1916(1992).

14. Femin Bendict, R. J., Kumaresan, M. and Velan, M.: Bioprocess Eng.,

19, 137(1998).

15. Lakshmi, A. C., Balamurugan, M., Sivakumar, M., Samuel, T. N. and

Velan, M.: Bioprocess Eng., 22, 461(2000).

16. Nikov, I. and Karamanev, D.: AIChE J., 37, 781(1991).

17. Kang, Y., Suh, I. S. and Kim, S. D.: Chem. Eng. Com., 34, 1(1985).

18. Kang, Y. and Kim, S. D.: HWAHAK KONGHAK, 25, 81(1987).

19. Kang, Y., Kim, J. S., Woo, K. J., Nam, C. H., Kim, S. H. and Kim,

S. D.: HWAHAK KONGHAK, 36, 275(1998).


