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Abstract − Molten salt oxidation is one of the most promising alternatives to incineration that can be used to efficiently

destroy the organic components of mixed wastes and hazardous wastes. In this study, the gas holdup and gas-liquid flow char-

acteristics are investigated in the molten salt oxidation reactor (0.076 m D.×0.653 m H.). Effects of input air velocity (0.05-0.22
m/s) and molten salt temperature (870-970oC) on the gas holdup and flow characteristics have been studied. Molten carbonate

as the liquid phase and air as the gas phase have been used in this study. The gas holdup increases with increasing molten salt

temperature due to the decrease of viscosity and surface tension of molten carbonate. The experimentally obtained gas holdups
in the molten salt reactor have been well described and characterized by means of drift-flux model. The gas holdups with vari-

ation of the flow regime have been well predicted.

Key words: Molten Salt Oxidation Reactor, Gas Holdup, Gas-Liquid System, Regime Transition, Drift-Flux Model
1. � �

�����(molten salt oxidation)� ��	
�(mixed waste), �


	
�, ��	
�, ���
� ��� energetic ��(���, ���

�) �� ������ (flameless oxidation reaction)� !
 "#��

$ %
� �& �
�' ()���� ���*+ ,-. / 0� 1

234. 56 478 �
	
� 9�+ 0:; <=12� >?. /

0� 
@A BC3D, EF GH� AIJK L�8 MNO �PQ� 0

4[1-3]. ������ #?RS 12T 1) 	
�' 1
U �3 �
Q

: 0� � 
*K VW+ XY 2) 	
�*� �
��� �� 3) ��
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�9� (~' \38 �#��� O^

� 0JD 4w' x3 �l� ��. / 04.

�� ����' � ?�W� ��� \��� ���� �O+ �


; �:� �
� %
v�� O^� 04. ��RS <=12+ �


/�n �T \]+; ��� 3 �P� � ��� �w(wetting), �

��(encapsulation), ���'� ��� � !
 A�a' ()���

� ���b+ ,cBp �
8 ��� de� E>8 ��BD, HCl,

HF, SO2, P2O5 �� ��O_� ���*+; A�Q: 3�8 ��O

_� de� E>8 ��84[1, 2].

������ � 
*+ %�\S ���1
` Ma\JK �6B

� ���'� 3\ ¡(two-phase flow)JK 3�8 3\ ¡� ��

RJK 
¢B� £T #?RS ����� 12� �¤�v $ �#

¥¦ §2+ �u A�8 �<O k4. ��, #?RS ¨�  ¡��+

O© ªT «¬� G­� 
??�® ��� ¯°B� £T �u A�

8 �3� . / 04. ±�; ² MN+;� ������ 
+; 


?�a $ ��� ³n+ ±} 
??�® ��� MNB´JD, 
-µ

3\¨�  ¡��� �'RJK ¶·B
 i
 drift-flux ¸¹� 3�

Bp ����� � 
*� 
-µ  ¡��� 
¢B´4. 3` xT

MN� º'� ����� � 
*� 
-µ  ¡��3 [#» $ �

�#», 
,�� ��� µ\� %� $ �o�� �' xT #»5\

+ G­� «¬� ¶·B�q �u A�8 2¼K L�� / 0JD, �

���� 12� §¨, �# ��� �: � 1�RJK ½/RS ¾�

U �1. £JK ¿lk4.

2. � �

² MN+; )�8 �����©­� #?RS ÀÁnU Fig. 1+ C

{*s4. �����©­� ÂÃ 1
/	
� XY¨, ��� � 


$ O[¨, 	��� 9�¨, d
O_9�¨K N�Q: 04. ÄYQ

� 	
�� �ÅÆ ��� (non-flame oxidation)3 �ZB� ���

� 
� Çt3 0.076 m3� È3O 0.653 m3D 6�K� *[�'

*ÉÊ�3 Ë8 Inconel� )�Bp ��B´4. � 
 ÌÉ+ ceramic

heaterU §­Bp �� Í�Î 3\JK O[B´JD ³n�:
U 3

�Bp � 
* ���� ³nU �:B´4. 	
�' ��� 1
U

���b*K XYB� XYÏT Çt3 0.013 mS l�%�Ï Ð]3

D XYÏ� EBlT � �
 ÑÒ+; 0.04 m \É+ i­BnÓ B

´4. ���JK� Í�Î3 850oCS Ô�CÕÖ(Na2CO3)� )�B

´4. ��\]K �6B� Ô�CÕÖ� ��×�[4]U Table 1+ C

{*s4.


??�®T ���³n(870oC-970oC) $ 1
�a(0.05-0.22 m/s)

×�+ ±� ���b*� ØÙ(differential pressure)� Ú28 Û Ê (5)

U 3�Bp ¨�B´4.

(5)

ÜÝ¥¦ ×�+ ±} ���b*� ØÙ� Ú2B
 iBp � 
�

\É+; /ÇJK 2À� susÏ� ���b*K ÞY8 Û ØÙß;(PAT-

D05Kpa, ULFA Co.)U MºB´JD, ØÙß;+; Ú2k ØÙàá�

q3â /c©­(data aquisition system, DASY lab.)U )�Bp ã^äà

áK #å8 Û æçâ+ è©Bp 
¢B´4. = ÜÝ¥¦+; Ù��

V� Ú2an� 200 Hz3� 20é� 40,000À� àáU /cB´4.

3. �� 	 
�

3-1. ����� ��

����� � 
+; ÜÝ¥¦ ×�+ ±} 
??�®T ���

b*+; ØÙß;U 3�Bp N
� êÕ-W� àáU Ù�-W� à

áK #åB� 3U 4W Ê (5)U 3�Bp 
??�®-W� àáK #

å8 Û ëìí� *: ÜÝRJK NB´4. Fig. 2� W�+ ±} Ù

�Ø�V(differential pressure fluctuation)� #ÐRS îU C{*s4. 

Fig. 3+� ������ 
+; ³nO 870oCK �2. ï 1
�

a �O+ ±} 
??�® ×�7\� \³+; /Pk 4} MN¾

�� 1
-� 3\¨(
,ð) 
??�® º'` �ñBp C{*s4.

εg

P∆
L g⋅
--------- ρl–

ρg ρl–
-------------------=

Fig. 1. Schematic diagram of the integrated molten salt oxidation system.
11. Molten salt vessel 11. Silica bed
12. Gas/Waste injector 12. Off gas analyzer
13. Differential pressure transducer 13. I.D. fan
14. Electric heater 14. A/D converter
15. Screw feeder 15. Computer 
16. RPM controller 16. Thermocouple
17. Impactor 17. Temperature indigater
18. Heat exchanger 18. Temperature controller
19. Cold water bath 19. Low pass filter
10. HEFA filter

Table 1. Physical properties of molten sodium carbonate with temperature

Temperature
(oC)

Density
(kg/m3)

Viscosity
(Pa.s)

Surface tension
(dyne/cm)

870 2476.62 4.1×10−3 211
900 2476.54 3.0×10−3 210
930 2476.46 2.2×10−3 208
970 2476.35 1.6×10−3 206

Fig. 2. Typical example of differential pressure fluctuations.
���� �41� �5� 2003� 10�
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Fig. 3+; ê / 0ò3, 
??�®T ��RS 1
-� 3\¨` �

ñ. ï \>RJK �T í� Oó� ê / 0�q, 3� ��Q: 0

� Ô�CÕÖ� ��+ 
SB� £JK 870oC+; ��\]K �6

B� Ô�CÕÖ� ôn� 2,476 kg/m3JK �' �ñW 2.4dO® Â

�, În� 4 cPK 4dO® ÈJD, õö©�T 211 dyne/cmK 3dO®

Â4. 
??�®T Ma\S µ\� ��R ��+ O© ÷ «¬� ø

�q µ\� ônO �OBö 
,+ ��B� É�3 �OBp 
?

?�®3 ��^D, În` õö©�3 �OBö ëì 
,Â
O �O

Q: º'RJK 
??�®3 ù<B� t¬� C{|4[5-8]. 3�8

3�K S
 ����� � 
+; 
??�®T 1
-�� )�B�

��RS 3\ ¡' �ñBp �T í� O�4� £� ú / 04. 

����� � 
+; ³nO 
??�®+ G­� «¬+ >
;

� Fig. 4+ C{*s�q ³nO �Oû+ ±�; # �aüi+; 


??�®T �OB´JD �� �T 
?�a üi¼4 
?�a3 0.15

m/s¼4 ÷ üi+; ³n�O+ ±} 
??�® �OO ¼4 ýþ�

^Ã C{ÿ� ú / 04. ³nO 
??�®+ G­� «¬+ >
;

� ;K \�k MNº'O ¼� Q� 04. �, Decker[9]� �<, ¯

��� )�Bp ÜÝ� /P8 º' �T ���
,ð+;� ³nO

�Oû+ ±�; 
??�®T ù<B´JC ÷ 
,ð+; ³n+ �

ÏB4� B´JD, Grover �[10]T 1
-� 3\
,ð+; ³n� �

O+ ±�; 
??�®� ù<t¬� Ï�B´4. 3`� �>K Zou

�[11]' Pohorecki �[12] ��� Lin �[13]T ³n� �O� �\ 


??�®� �OU ��84� B´JD 3�8 3�+ >
; ³nO

µ\� õö©�' În+ G­� «¬' ³n�O+ ±} �
Ù� �

OK ¨ *É+; \�B� %�\� j�a(net flow rate)� �O5\

� �s4.

4\ ¡¨+; 
??�®+ «¬� G­� ×/+� p� O^O

0� / 0^r � A+; O© A�8 �SJK 
?ôn, µ?� Î

n $ õö©�� � / 0�q 
?ônO �OBö 
,%�¿+;


,Ð�W �ZB� �V®(momentum)+ «¬� X: 
,Â
O �

��; º'RJK 
??�®3 �^Ã QD, µ\� În $ õö©

�3 ù<./Ó �T 
,` 
,Â
 %,U �Ã B� ��� C{

*	K 
??�®� �OW
� º'U O��Ã k4. ������

 
+; ³nO �OBÃ Qö 
?ônO ���; 
??�®3 ù

<B^r �>K ��k Ô�CÕÖ� În` õö©�3 ù<Bp 


??�®� �OW
� \�k «¬� C{*Ã Q�q, ³nO 
??

�®+ G­� «¬T 3�8 \�k «¬A :�8 £3 u
BÃ �

�B�O+ ±� º2k4� . / 04. ºH, 
?ôn, µ?În $

õö©�� «¬JK 
??�®3 ×�84� £T 3�8 ×/�+

�Bp ¨*� 
,��3 ×B
 ï��� �GBD 
,��T 
,

� Ð�'2' \�B� 
,� %� $ o?��+ �
 �uk4.


,Ð�+ >
; Fan[14]+ �
; MNO /PQs�q õö©�

' É�3 
,Ð�+ O© ÷ «¬� G�4� B´4. 
?%�¿+

; Ð�Q� 
,Â
(db,0)� Davidson' Schuler[15]+ �
; 4w'

x3 ��Qs4.

(6)


,%�� 
, O©¾�+; �T �É%3 �:^�C \�B�


,� \É+ ��B� (
�'(hindrance effect)O �� ï �ZBÃ

Q�q, 3�8 Ð]� 
,%�� \�B� 
,� \É+ ��B�

A�3 õö©�¼4 ÷ tu+ �ZB� Rayleigth-Tayor instability+

�
; �Z84� ú�� 04[16]. Bellman ' Pennington[17]T

Rayleigth-Tayor instabilityU 
éK Bp µ\� În` õö©�� «

¬� MÏW� 
,� �2�+ >8 MNU /PB´JD �¨¯©

(critial wavelength, λc)¼4 ÷ ¯©� O� 
,� Å�2�3 �OB

p %� 5\3 �Z84� B´4. �¨¯©T Ê (7)K ¨�k4.

(7)

�, �¨¯©T 
,%� 5\� ��� W� / 0� 2®RS ×/

O QD 4\ ¡¨(multiphase flow system)+; �2BÃ �6. /

0� E> 
,Â
O k4. Wilkinson' Dierendonck[16]T 3�8 �

¨¯©+ \�� \>RS �Ç�� §·. / 0� Kelvin-Helmholts

3&� nYBp �28 E> 
,Â
+ >8 Ê� �nB´4.

(8)

Fig. 5+ ����� � 
+; ³nO 870oC+; 970oCK ×�.

ï Ê (6)' Ê (7)� )�Bp ¨�8 db,0̀  db,max� ×� 7\� C{

db 0,
6D0σl

g ρl ρg–( )
----------------------

1 3⁄
=

λc 2π
σl

g ρl ρg–( )
----------------------=

λc db max,

2π
σl

g ρl ρg–( )
----------------------

ρl

ρl ρg–( )
-------------------

ρgUr  2⁄

σlg ρl ρg–( )
------------------------------- 1

ρlρgUr
2 2⁄( )

2

ρl ρg–( )2gσl ρl ρg–( )
-------------------------------------------------++

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

Fig. 3. Effects of gas velocity on the gas holdup.

Fig. 4. Effects of molten salt temperature on the gas holdup.
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*s�q, db,0� ³nO �Oû+ ±�; �� ×�B^ �^r db,max

� ³nO �Oû+ ±�; ù<B� £� ê / 04. db,maxO ù<8

4� £T �2k \]K �6. / 0� 
,� Â
O ���4� £

�, 
,%�K S
 ÷ 
,� Ð�3 ��k4� £� �G84. º'

RJK ����� � 
+; ³nO �Oû+ ±�; 
??�®3

�O(Fig. 4)B� 3�� ³n�OO 
,Ð�+� «¬� G­^ �^

r 
,%� �'U �OWf ÷ 
,� Ð�� ��B
 ï�S £J

K ¿lk4.

Zou �[11]T �³\]+; 3\¨(two-phase system)� 
??�®

� 
?�a(Ug), µ?În(µl), ôn(ρl), õö©�(σl), �
Ù(P)� û

/K ¶2B� Ø�
¢� !
 Ê (9)̀  xT \ÏÊ� ��8 Û, 1


-�, 1
-ú�� 3\¨+; k=0.173, a1=−0.154, a2=1.611, a3=1.590

� í� O�4� ¼�B´4.

(9)

������ + )�B� Ô���� �
ÙT ² ÜÝ³n üi

+; �W. / 0J	K[4] Ê (9)+; �
Ù �� �WB� E<¾�

~� 3�Bp 
??�®+ Ï8 \ÏÊ� NBö Ê (10)' xJD

Ê (10)� \Ï¨/� 0.98K ÜÝº'`   �­B� £� ú / 04.

 

(10)

3-2. ��-�� �	��

Zubar̀  Findly[18]� Drift-flux ¸¹T ªT MN¾�+ �
; 
-

µ 3\¨+; 
? ¡� �'RJK îÚB�q )�Q: !�q[18-

22], 3 ¸¹T �"� �t�¬JK  ¡� Åì�n` ?�® %,U

��Bp 
,\�an` ëì-É#-flux densitỳ � Ø3U C{*�

dirft-flux anO �2B4� O2B� 04. 3` x3 O2Bp drift-

flux ¸¹T Ê (11)' x3 õ5k4.

(11)

p
;, VG� Ü�O_an, VMT �o\� É# flux, C0� %d×

/(distribution parameter) ��� Vd� \�� É% \>anU C{*

� drift anK Ma\+; É�+ �8 
,� \�anK 
¢Q
n

84.

����� 12T µ?-$%Ê(liquid-batch)3	K Ug̀  Ug/εgU X-Y

�õ\+ nWB´� ï 
%
O %d×/ C0O k4. Fig. 6+ ��

��� � 
+ drift-flux ¸¹� R�B´� ï� t¬� C{*s4.

Fig. 6� ¼ö # ³n üi+; 0.15 m/sU 
&JK 2À� 
%
O

C{ÿ� ú / 0�q 3� 
?�a+ ±�; 2À� ;K 4} %d

×/U O�4� £� �G84. %d×/�  ¡«'+ ±�; ×B	

K[20-22] ����� � 
+; 
?�a+ ±�  ¡«'� #35

\3 �ZBD #35\3 �ZB� �aT # ÜÝ³n üi+; 


?�a3 0.15 m/s� tu+ �Z84� £� ú / 04. 3\¨+;

 ¡«'T %�\� �a+ ±�; ì�  ¡«'+; Åì�  ¡«

'JK #3QD Åì�  ¡«'T bubble-slug  ¡+; slug  ¡3

C churn-turbulent  ¡JK �#B�q[14], ����� 12T 
?%

�Ï� Çt3 Â	K ì� ¡� Ð�3 :(4. ±�; �����

12+; 
?�a3 �Oû+ ±�;  ¡«'T bubble-slug  ¡+

; slug  ¡JK #384� . / 04.

Table 2+  ¡«'+ ±} %d×/í� C{*s�q  ¡«'3

bubble-slug� ïO slug  ¡� ï¼4 �JD ³nO �OBö #?R

JK í3 ��^� £� ú / 04. %d×/� �a' ?�®%,�

� \á��º' �ZB� %�\� %ì�n+ >8 )nO Q�q,

%d×/O ��4� £T �t(¬� Åì�n(ununiformity)O ��

4� £� C{|4. ±�; ����� � 
+; �t(¬� ì�n

� bubble-slug  ¡«'3 slug  ¡«'¼4 Â� 3�8 ì�n� ³

nO �OBö �O84� £� ú / 04.

εg k
µl

4g

ρlσl
3

----------
 
 
 a1

P Ps+

P
------------- 

 
a2 Ugµl

ρl

----------- 
 a3

=

εg 0.091
µl

4g

ρlσl
3

----------
 
 
  0.176–

Ugµl

ρl

----------- 
 0.576

=

VG C0VM Vd+=

Fig. 5. Effects of molten salt temperature on the calculated initial bub-
ble diameter (db,0) and maximum stable bubble diameter(db,max).

Fig. 6. Characterization of flow regime transition based on the drift-
flux model.

Table 2. Distribution parameter of drift-flux model with temperature
and flow regime

Temperature
(oC)

Distribution parameter, C0

Bubble-slug flow regime Slug flow regime

870 2.67 3.81
900 2.59 3.70
930 2.21 3.60
970 2.10 3.47
���� �41� �5� 2003� 10�
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E.,

tes
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F

5).

.
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nd
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er-
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s,”

-

ra-

ics
8*, drift-flux ¸¹� )�Bö �'RJK 
??�®� îÚ. /

04. Fig. 7+ Ê (10)U )�Bp îÚ8 
??�®' drift-flux ¸¹

� )�Bp îÚ8 
??�®� C{*s�q Ê (10)U )�8 tu

¼4 drift-flux ¸¹� )�B´� ï + 2,BÃ 
??�®� îÚ.

/ 04� £� ú / 04. 

4. � �

����� � 
+; 
??�® $ 
-µ  ¡��+ >8 MNº

' 4w' xT - O^� º&� .� / 0s4.

(1) ����� � 
+; 
??�®T ���³nO �Oû+ ±

� �OB´�q, 3� ³n�O` 1
ôn� ù<K S
 /:þ�


??�®¼4 ���� În` õö©�� ù<K S
 �OQ� 


??�®3 01 + ª
 ï�S £JK )�k4.

(2) Drift-flux ¸¹� %�×/+ >8 ×�7\� !
 ������

 
�  ¡T 
?�a �O+ ±� bubble-slug  ¡+; slug  ¡J
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C0 : distribution coefficient [−] 

db,0 : initial bubble diameter [m]

db,max : maximum stable bubble diameter [m] 

D0 : orifice diameter [m]

g : gravitational acceleration [m/s2]

L : axial distance [m]

∆P : differential pressure [atm]

P : total pressure of system [atm]

Ps : vapor pressure of liquid phase [atm] 

Ug : gas velocity [m/s]

Ur : relative velocity at gas-liquid interphase [m/s] 

Vd : drift velocity of gas phase [m/s] 

VG : actual gas velocity (=Ug/εg) [m/s] 

VM : volume flux of mixture (=Ug+Ul) [m/s]
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εg : gas phase holdup [−] 

λc : critical wavelength [m] 

µl : liquid viscosity [Pa·s] 

ρg : gas density [kg/m3]

ρl : liquid density [kg/m3] 

σl : liquid surface tension [N/m]
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