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Abstract − Radial and axial distributions of gas holdup and bubble characteristics have been investigated in a tapered bubble

column. Bubble characteristics have been measured by using dual electrical resistivity probe method, with the variations of

operating variables such as gas and liquid flow rates. Experiments have been conducted with a conical-shaped column of 0.5 m

in height, with an apex angle of 12o. The column size has been 0.05 m I.D. and 0.15 m I.D. at the bottom and top, respectively.
Compressed air and tap water have been used as a dispersed gas and a continuous liquid phase, respectively. It has been found

that the gas holdup has increased with increasing gas flow rate at all test sections, and slightly decreased with increasing liquid

flow rate. The radial gas holdup distribution has been found to have maximum value at the centerline of the column and it has

decreased as approaching the wall region. The local gas holdup has been more uniform with increasing the height from the dis-

tributor. The bubble size and rising velocity have increased with increasing gas flow rate and height in the column, which have

been well correlated in terms of operating variables.
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+,� -.� ��� ��/ 01 ����21 � *�+�2 34

���� �5�672 84 �9 :;�2 �9 9<;� => ��

�?! @ AB 01!1 CD�� ?(%( )6E[1, 2], F= nozzle

B C	� �9� G*4 ����2� H9IJB K�LM$ #1

>NOP67� 9<; ,�/ Q�LR H9 ST�U�B VWLX!

1 Y67 ?(%( )![3, 4]. ReeseZ Fan[5]4 ���� *�[\

� -.� ��/ 01 ����2 �9 9<;, ]�[\, ��^_

`� a5� -b� ���c !dE, e4 �9:f�2 �gc Hg

� ST� hi#!( #j!. �kl, ��� ���4 ���� G

[\� mn �o� -b�c 8p2 �fgq H9� :fB ���

r+�2 �sLM1 Y� t�u#v w!. ��2 ���� xy>�

�l z{,9T5 >�� `� |c�67 �	%� �}21 ���

� g~+�2 H9� :fB *�+� �} ��� ��L� i )B

�� p��, H9� � r+�2 �IJ� �u� �uB 01 ��

�� �D� ��%& w!. �Z84 �7� �uB 01 ����

� ��7 NCF�B 01 ���B x�� i )1�, NCF� ex-
864



���� ��� 865
ternal-loop airlift ���� ���c ST|c� hi#( �� g+�

2 H9:f� ��� ��� )�6E[6, 7], NCF� :_��2�

NC� ��� �B �5�67� *�Z �<� !� (9�B |c

�67 ��� i )& :_� ��� �	� �4 � � ¡ Y67

¢g�![8].

�kl, NCF�B 01 ���� �� ��1 £r¤¥/ ¦§#(

¨h z©� D��!. ��2, ª ���21 NCF�B 01 ���

� i«¬� a5B }­#� �} ®OP � >NOP� �� �9

9<; ,�Z �� a5B (¯#j!. �9 9<; � �� a54

����2� i«¬� a5B l°r1 �± ²�� �i72 �-H

³´>��� µ¶l �3� )& pG ²�� �i7 3	#� ·¸

�[9, 10] ª ��� �c1 NCF� ��� >��� µ¶l �]�

¹�� �¬�q º»/ ¼�� i )B Y67 C»�!.

2. � �

ª ���2 C	� D½±¾� V¿�1 Fig. 1� l°À ÁZ 8!.

NCF� ���4 iÂc 6o� NC�B �� -.� ��/ �Ã(

)6E, �� Ä�1 0.5 m�( ÂN� 0.05 m(� #+)�2 0.15 m(�

g+)7 K�� ��7 %& )!. �g(gas phase)4 U�� Å® �

�/ C	#j( Hg(liquid phase)671 gÆ� yB C	#j6E,

�gc Hg� |c�67 Ç ,È%�É perforated plate ��� ,È

Ê(distributor)B � pË� µ¾#v �gc Hg� _=��2 �r7

G*%�É #j!. ,ÈÊ�2 �fg4 ÂN 3 mm� �ÌB Í�Î

¾7 Ï=#$ Ð¾� ,Ð��2 G*%(, � C�� ÂN 1 mm�

Ñ�ÎÒ/ ��& ,Èg� ��� r7 G*%�É µ¶%�!. D½


�1 �9� :;� 20-466 cm3/s�( H9� :;4 20-360 cm3/s�

�!.

NCF� ����2 �9 9<;, ��Ó� � g~f�1 ]��Ô

ÕÖ×(dual electrical resistivity probe method)� �}2 Ø�%�!

[13]. ��� r+� ÕÖ4 ,ÈÊ67+Ù 20, 30, 40 cm� Ä��2

>NOP67 �� ²Ú�2+Ù ÛÜ67 �� 4'Ý(r/RÞ0, 0.3,

0.55, 0.8)� µ¾#j!. �-H ßà� �gg�� �á� â ��a5

B Ø�#j1� ÕÖ� n tip C�� ^�1 2 mm ��!. ÕÖ67

+Ù lÑ1 ãä1 Kå�/ ^æ A/D converting systemB C	#

v digital ãä7 ]J� â �/ off-line67 }­#j!. ãä� Ø

�f�1 200 Hz7 #j( Ø�Lç4 15è7 #v ��� D½�U�

2 3,000V� data/ ié#j!. ]��Ô ÕÖ�2 lÑ1 ãä7+Ù

� Ø�'Ý�2� £+ �9 9<;q(εG)i4 ê (1)� �}2 �#j!.

(1)

v�2 ti1 � 'Ý�2 ��� ÕÖ� ëìd1 LçB l°r(, T

1 ]9 Ø�LçB l°À!. �í, n ÕÖ C�� ^�� l�( ��

� ÕÖ�2 lÑ1 n ãäç� Lç î�� τ= Nh ��� g~f

�(Ub)Z iÂï�(lv)1 �� ê (2)Z (3)67+Ù �#j![10-12].

(2)

(3)

3. �� 	 
�

3-1. �� ��� � ��

NCF� ����2 £+ �9 9<;� ®OP � >NOP ,�/

Fig. 2� l°r�!. � �ð�2 ,ÈÊ67+Ù 20, 30 ��( 40 cm

� Ä��2 �� ²ÚWB �ñ67 >NOP67 4'Ý�2 Ø��

£+ �9 9<; ,�/ ò i )1�, �yW ��� £+ �9 9

<; ,�/ ?�1 -b� ���� Nh[9-11]Z1 �ó !d$ ��

²Ú�2 Û�Ü67 ôiÉ �9 9<;4 W��67 ��#j!. õ

�, mö Nh� �9:;� K�� �� £+ �9 9<;4 K�÷

6E, �9 :;� K��iÉ NCF� ���� ²ø[\�2 ���

� ùd$ g~#ú7 Û�[\67� ,È� Ç �Ã&'' ûp >

NOP67 9<;� ��ü� ýþB ò i )�!. õ�, Fig. 2�2

�� g+7 ôiÉ F��� ÿ&� £+ �9 9<;4 ��#'�

9<; A� ,�1 >NOP67 �� Ï=}'1 NPB l°�!.

�1 �� g+7 ôiÉ F��� ý'�2 Hg� +Î� K�#$

%(, Hg� �� Û�+,B b} �IJ#1 NP� l°l� ·¸

67 }­� i )![6, 7].

�9 :;� £+ �9 9<;� z¾1 [PB Fig. 3� l°r�!.

� �ð�2 ?1 ÁZ 8� �9 9<;4 �9 :;� K��� ��

K��B ò i )!. �1 �+,� ����2 �¯%1 �g67,

�9:f� K��� �� � r� o�#1 ��� i� �pþ67

q}2 �9 9<;� K��!( � i )!. õ�, £+ �9 9<;

4 NCF� ���� Nh �� ²Ú�2 ¨h @ AB l°r�6E

�Z84 NP4 �9� :;� K��� �� �� n�k'$ l°

�!. �í, Fig. 3�2 ò i )	� NCF� ���4 Kim[13]c

Kang ̀ [14]� �o� -b� ���c �
#v � ²ø+�2� �

� 9<;� �`� �6E �� Û�+�21 -b�� Nh?! �

34 YB � i )!. �kl, 84 �U�2 � �ð� l°À -b

� ����2� �� 9<;?! NCF� ����2� �� 9<;

� 
ÏA4 � @ YB � i )!.

v�2 -b� ���c _=� �U�2� �
/ �} NCF� �

��� ]9 +Î/ �� Ä�7 l� 
ÏF�� Am(=VC/H)B �è

εG( )i

ti∑
T

---------=

Ub
1
τ
---=

l v Ub ti×=

Fig. 1. Experimental apparatus.
1. Tapered column 18. Pump
2. Distributor 19. Weir
3. Calming section 10. Liquid reservoir
4. Compressor 11. Electrical resistivity probe
5. Regulator 12. Amplifier
6. Valve 13. A/D converter
7. Rotameter 14. Computer
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re
7 #v ê (4)Z (5)7 ��� �9Z H9� 
Ï��f�/ C	#

v -b� ���� ��f�Z ��L�![7].

(4)

(5)

ê (4), (5)�2 GZ L4 �� �9Z H9� +Î:;B l°À!.

NCF� ����2 �fgq H9 :;� £+ �9 9<;� >N

OP,�� �� [PB Fig. 4� l°r�!. ����2 H9:f�

K�1 � r+� �<�g� K�7 q} ��/ �G1 3	c ��

� �� drag/ K�LR ��� g~f�/ K�LR G1 27 g>

%1 [P ·¸� H9 :f� �9� 9<;� z¾1 [P4 ���

� ��Z Ó�, ,ÈÊ� �� `� �� !d$ l°l1 Y67 �

�� )![11-15]. ª D½� C	� NCF� ���� Nh core [

\�21 H9:f� K�7 q� �9 9<;� z{� ��� =&

�6l, annulus [\�21 �<�g� K�7 q� ��� ®OP ,

È� Ç =&l �9 9<;� �ó K�#1 Y67 l°�6l �c

�67 H9:;� K�� �� �9 9<;4 ^� [P� �^l p

G z{#$ ��÷!( � i )!. �k� �g4 Fig. 4�2 Å«�

#O×67 �� Kang ̀ [14]� H9:f� �� �9 9<; �cZ

:C� NPB l°�!.

ª ��� �c/ -b� ����2� �� �9 9<;c �
#�

�#v, Fig. 5� �9 :;� �s� �� Å«�#×67 �� �� �
� 9<;B l°r�!. � �ð�2 ò i )	� NCF� ����2

� �� 9<;� 84 �U� -b� ���?! @ YB � i )!.

UGm
G
Am

-------=

ULm
L

Am

-------=

Fig. 2. Radial and axial distributions of local gas holdup(L=240 cm3/s).

Fig. 3. Effects of gas flow rate on the local gas holdup at various radial
positions(L=240 cm3/s).

� � � � � � -.-.-.-.- ----------
r/R : 0 0 0 0.3 0.55 0.8 0 measured by pressu
h(cm) : 20 40 30 30 30 30 35 drop method
DC[m] : 0.05-0.15 0.15 0.1
column : Tapered column Vertical column

present study Kim[13] Kang et al.[14]

Fig. 4. Effects of liquid flow rate on the local gas holdup at various
radial positions(h=30 cm, G=240 cm3/s).

� � � � -----------
r/R : 0 0.3 0.55 0.8 measured by pressure

drop method
DC[m] : 0.05-0.15 0.1
column : Tapered column Vertical column

present study Kang et al.[14]
���� �38� �6� 2000� 12�
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3-2. ���	

��� a54 ���� i«¬� a5B ��#1 ²�� ���ú

7, ª ���2 Ø�� �9 :;� �s� �� ��� Ó� �s/

Fig. 6� l°r�!. � �ð4 �9-H9 ,ÈÊ67+Ù �� 20, 30

��( 40 cm� Ä��2 Ø�� ��� 
Ï iÂï�7 � �ð�2

?	� �9:;� K��� ��2 e4 :;�21 �� Ó�� �

�� K�#l Ä4 :;�21 ^� =�}'1 NPB l°�6E

slugging �g4 l°l' û�!. �Z84 �g4 ��Ó�� K�1

� r� ��� T9�g� �} =&l1�, �9:;� K�1 �k

� ��� T9�gB K�LM� ·¸67 }­� i )!. �kl

&� �� ��� ��Ó�� %� !L ��� ,��g� =&l2

�£ ��1 =�� Ó�7 ³ #$ �!( � i )![10]. õ� �

� g+7 ��ôiÉ ��� T9� =&� 
�� K�#ú7 ��

� iÂï�� K�#$ �!( � i )!. � �ð�2 ò i )	

� NCF� ���� Nh1 -b�� ���� �#v ��� iÂ

ï�� 3$ l°�1� �1 �9� :*+,�2 H9Z� ³´�

�� �<�g� K�7 ��� Ó�� -b�� �#v 3$ %��

·¸67 }­� i )![6, 7]. ��2, NCF� ���� Nh ��

� Ó�� 36ú7 -b� ���c �
#v 84 �]�U�2 �

�� 9<;� K��!( � i )!(Fig. 5).

NCF� ����2 ��� g~f�1 �fgq H9� g~f�Z

IJ�g� �} [PB  6ú7 ��� r� i«¬� a5 !"�

¨h ²�� qº� �! � i )!. a�, ���� F�B NC�6

7 � �:²� #l� ���� :*� H9� g~f�/ �� Ä�

� K��� �� ÝÝ ��LR2 � r� o�#1 ��l +:y�

�r 9<LçB K�LMº1� )6ú7, ª ��� D½�c Ø��

��� 
Ï g~f�/ �9 :;� �s� �� Fig. 7� l°r�!.

� �ð�2 ò i )	� �r :*%1 �9 :;� K�� ��2

��� 
Ï g~f�� K��B ò i )1�, e4 :;
��21

��g~f�� ��� K�Z �# � ]9� $æ ^� Ï=� AB

?j6l, Ä4 :;
��21 ��� g~f�� %�� K�/ ?j

!. a� :*%1 �9� :;� @ 
��21 ,ÈÊ67+Ù� Ä

�� K��� �� ��� ç� T9�g� l°l2 ��� T97

q� ��Ó�� K�Z �� F��� ý'�2 ��� 3	#1 Û

�|c(wall effect)� ���67 q}2 ��g~f�� �� K�#1

YB � i )![17].

3-3. 
��

NCF� ����2 &4 £+ �9 9<;c ��� ]9� ��

�� �9 9<;B �9Z H9� :;, ,ÈÊ67+Ù� Ä� ��

( >NOP� �¾ `� g�ê67 ê (6), (7)c 8� &B i )�

1�, � ê�� g�¶i1 �� 0.927, 0.946��6E, �	
�1

20'G[cm3/s]'466, 20'L[cm3/s]'360 cm3/s�!.

(6)

(7)

�í, ��� 
Ï iÂï�(lv)Z 
Ï g~f�(Ub)� �9 � H9

� :;c ,ÈÊ67+Ù Ä�� g�ê67 ê (8), (9)Z 8� l°

� i )�6E �� ��� g�¶i1 0.932, 0.94067 D½�cZ

Ç =¾#j!.

lv (8)

Ub

(20'G[cm3/s]'466, 20'L[cm3/s]'360 cm3/s) (9)

�� g�ê�4 Fig. 3-7�2� ò i )	� NCF� ���� i

«¬� a5� �� [P� �9 :;c �� Ä�� �} �� (h

%E H9:;� �}21 ^� [P� �)B l°rG( )!.

4. � �

NCF� ����2 �9 9<; ,� � ��^_� �� a5B

εg( )i 0.638
G
L
---- 

 0.512

h 0.380– 1 r R⁄( )–[ ]=

εg 0.003G0.605L 0.012–
=

0.07G0.211L 0.11– h0.281=

0.675G0.397L0.018h0.466=

Fig. 5. Effects of gas flow rate on the overall gas holdup in tapered bub-
ble columns(L=0).

Fig. 6. Effects of gas flow rate on mean bubble chord length in tapered
bubble columns(L=240 cm3/s).

� � � ---------- -.-.-.-.-.-
h[cm] : 40 30 20 47.5 40 
DC[m] : 0.05-0.15 0.25 0.15 
column : Tapered column Vertical column

present study Yu and Kim[12] Kim[13]
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ta,

-

.:

M.:
(¯� ª ��� �c !)c 84 * �' �§B &B i )�!.

+, �9 :;� K�� �� NCF� ��� ]9�2 �9 9<;4

K�÷6l, H9 :;� K�� ��21 ^� [P� �^l ,ç

��÷!. £+ �9 9<;� >NOP� �� ,�1 �� ²ÚW(r/

RÞ0)B ��2 ��AB 0( Û�67 ôiÉ W��67 ��÷!.

®OP� �}21 e4 �9 :;B ¼¥#(1 �� g+7 ôiÉ

�9 9<; A� 3p'�2 �� Ï=� >NOP ,�/ l°�!.

õ� �� iÂï�Z g~f�1 �9:;c ���� Ä�� ��

K�÷6E Ä4 �9:;�2 ^� =�}-( slugging �g4 ?�

' û�!. NCF� ����2 Ø�� �� �9 9<;4 -b��

����2?! K�� AB l°�6E, ��� iÂï�Z g~f�

1 -b� ����2?! ��#j!. NCF� ����2 �9 9<

;c ��� iÂï� ��( g~f�/ G�D½ �i�� g�ê6

7 l°. i )�!.

�
��

Am : mean cross-sectional area [cm2]

DC : column diameter [m]

G : volumetric gas flow rate [cm3/s]

h : height from the distributor [cm]

H : total column height [cm]

l : distance between two elements of probe [m]

lv : bubble chord length [cm]

L : volumetric liquid flow rate [cm3/s]

r : radial location [m]

R : radius of the column [m]

ti : exposure time of the probe to bubble [sec]

T : total record time [sec]

Ub : bubble rising velocity [cm/s]

UGm : mean superficial gas velocity [cm/s]

ULm : mean superficial liquid velocity [cm/s]

VC : total volume of tapered column [cm3]


��� ��

εG : overall gas holdup [-]

(εG)i : local gas holdup [-]

τ : time shift between two elements of probe [sec]

�
��
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� � � ------------
h[cm] : 40 30 20 47.5
DC[m] : 0.05-0.15 0.25
column : Tapered column Vertical column

present study Yu and Kim[12]
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