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(0.1 m ID�0.9 m high)� 
������� �� �� �� ������� !(0.3 m ID�2.7 m

high)"# ���$%&. �!'$"# � ()(780-900oC), *+/��,(0.30-0.53), ��-./(5.3-12.1 kg/h), 01!/�

�,(0.3-0.81)2 3�" 45 
���2 6�, �+ 7�8, 9�� :8, ��08, ;</" =>� ?@� AB$%&.

���	?C"#� D</��(3.3-5.9 MJ/m3)� EFG� ?C"#� H</��(8.6-13.2 MJ/m3)� IJ&. �� �� �

��"# ������ � KL$! M$N 0OPQ R�, �  kinetics, <�S T
U� !VWX YZU� [\$%&.

��]� ?C"#2 ^+� _ 
���2 6� ` ;</" =>� ?@� ab$%a, ��]� ?C"#2 ^+� 

_ cde YZU_ 6f302 3�" 45 � !2 �g� h i KLd� jk$%&.

Abstract − Australian coal was gasified in an internally circulating fluidized bed(0.3 m ID�2.7 m high) with a draft tube

(0.1 m ID�0.9 m high) and a gas separator over the draft tube at atmospheric pressure. The effects of reaction temperature

(780-900oC), oxygen/coal ratio(0.30-0.53), coal feeding rate(5.3-12.1 kg/h) and steam/coal ratio(0.30-0.81) on compositions of

the product gas, carbon conversion, cold-gas efficiency, gas yield and calorific value of the product gas have been determined.

In the present coal gasifier, low calorific value gas(3.3-5.9 MJ/m3) in the draft tube region and medium calorific value gas(8.6-

13.2 MJ/m3) in the annulus region can be obtained. A predictive mathematical model is proposed based on the bed hydrody-

namics, reaction kinetics and the empirical correlation of pyrolysis yields to predict gasification characteristics in the internally

circulating fluidized bed gasifier with a draft tube. The model including the effect of combustion reaction in the freeboard

region can explain the reaction behavior more precisely than the model excluding the effect of combustion reaction in the free-

board region in the reactor within the range of variables studied.
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�� ��� ���� ��� CO, H2, CH4 �� ��	 �� � !

"� #$ %&��' () *��� +,-./, 01, 23-4 ��

*5 6 �789 :�! #$ �;<5' +,-� =2�>. �?$

�� ��� =2@�! #$ ���' A2B, C�B, 0DB, ,E

B! �,-4 F ���� GH 6 �,I#J KLM N�O @�P

M QR/, S�HR' �� TU� <N$ VT, �� W ��P� tar

� slagging ash 6 clinker� X1, �� �YZ 6 ����� %&

[\ ]1A �;<5 ��� ����� ^_`(selectivity) [\ ��

a3bR' /c/A d>. �e C�B ���f[1-10]� dolomite/

�g�! <5 �h ij ��� kJ VT-4 ()Hl mn� �o

-p', ACn ��� X1J �q r3Hl =2R' s�PA dR

/ t
J �$ ��uv� wA, txH yz$ �� 0
 {� |}

-~, A b���� r� �X1� }��>� bJ� ��Hl @^

� ��PA d>[3, 7, 11-14]. �?$ @^�[R' >�$ ��! +

,-A, �#�H�� �%&! [\��� #-4 ���� >e� 6

>��	 ��./, ��uv! �� #$ g ��(ash agglomeration)

=2! �_-A d>. �?$ *�@�� SYR' C�BJ t� 4

? qb! ��� k� �Y C�B! �,-4 ��� ���	 @�

-AU -� *�� ��PM �A d>. C�B �J ���� �!

�TiR'� ����! ��?�(��� ��) ��h ����(*�

��) ��R' / M ¡¢-� k� �Y C�B ���� ��?�

��J £�C�� ¡¢¡¤� 
���, ������J�� 7-10¥�
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le
£�C�� �`� =�(
�)� VTPM ¦ B +�� §` ¨J �

� A�89(©�, ��)� �Y� SM/� ����>[11-17]. ��?

� ��J�� -[ ª«!, ���� ��J�� \[ª«! ¬� T

U� �Y� ����­�� *� %! ��?�J =®� �����

J |}$ %! =®-A, ¯° TU� �D�±! ���� \²HR

' ³� �YZ! "! 
 d´ � µ>. �$ ���� � #J ¶·

� ¸¹� 01²	 º»ih ��J �1¼� ¸¹� ���� �!

+,-4 ���� �h ��?�±J �� ��� ½:! ��� ³

� %&� ��	 "! ¾R' �²�>[13, 14].

�J ¿ *�J�� kr 0.1 m, ³� 0.9 m� �1¼� ¸¹� ��

�� �! ¬� (r 0.3 m, ³� 2.7 ml k� �Y C�B ���J

���� 01²	 º»-4 ��À`(780-900oC), 
�/�� t(0.3-

0.53), ��� =®&(5.3-12.1 kg/h), 
��/�� t(0.3-0.81)� Á�J

ÂÃ ����� ¡�, ����
Z, ���� �%&, �� �YZ, cold

gas efficiency �J ¯»� ­[! ¡+-A, k� �Y C�B �� �

���� º�, ©+, £H�	 #� B k� 
 7H Ä�(TU�Y�

`, gas bypassing), �� kinetics, %0� vÅJ� "� ����� 


Z \�Æ! �;' $ ©ÇÆ! 3�-È>. 3�� ©ÇÆ� k� �

Y C�B! ¦ @� ­�, É Ê�½:(well-mixed)� C�BR' ±V

Ë 
 d� ����­�h plug ª«! ¬� ��BR' ±VË 
 d

� ��?� ­�R' / M FF� �0J ²$ 9&
�Æ! r�¡

¤! �,-4 Ì�-ÈA ÍÎ� �h	 vÅ�h� tx-È>.

2.���� 	 ��
�

¿ vÅJ +,$ k� �Y C�B ���� @Ï`	 Fig. 1J /

ckÐ>. ���� w´ VÑ�(0.3 m-IDÒ2.7 m-high), ���� V

T�, �� ÓT�, ���� �, ���� X1�' / MÔ d>. V

Ñ��� ���� �(0.1 m-IDÒ0.9 m-high)� -�J 4@� �1¼�

(0.03 m-I.D.)	 ¬A dR~, ���� � #J ¶·� ©�� �� 0

1²	 º»-4 *���� ��� ����	 01-È>. 
�/��

t� ¡Õ! #� =�� 
�� C&�	 Ö� 0
 {(7@� �×Ø,

4 holeÒ2.5 mm I.D.)! .Ù ���� �R' VTPA, £²,&

16 kg/h� �Ú ���J� ��� 
��� conical ̧ ¹� 0
 {(18

@� �×Ø, 4 hole)! Ö� ��?�' VT-È>. B kJ 89�

Û�� ¾! �� #-4 0
{R'�Ü 1.1 m �bJ B 89�

overflow P`Ý ¥Þ�	 º»-È>. ���� ßàJ� ��� á�

À`(450-500oC)â� ���	 �%-� #� ã 20 kW� äm^ �

%�	 º»-ÈA ��� ßàR'�Ü % uv! å�� #�� �

%æl kaowool! +,-4 �%-È>. �1ç� \�J� ��� k

�' ��! =®-� #� �� VT�� º»PÐA, t
� TU	

×�-� #� è�éê! º»-È>. è�éê! Öh$ �����

ëF�� collector	 �/ ����� ¥Þ! <NO -� #�� º

»� I.D Fan! Ö� ìR' ¥Þ�>. �í� ����� GC 6 �

�0��' 0�-ÈR~, ���� 6 ��?�J� ��� ��� �

! FF �
-� #� ��?� ¥Þ� �îJ ïð! VT-4 ïð

6 9�� 9&
�ÆR'�Ü ] �! �
-È>. �5' 1-5 mm +

�� T`	 ¬� ñV
 �ò�! +,-ÈA[5, 7, 9, 13, 14], =¢0�

6 <� 0�»	 Table 1J /ckÐ>. B 89'� ©�(dp=390µm)

	 +,-ÈA 2�B ³�� 0.8 m�>.

3.�
� ���

k� �Y C�B ���J� \�' VT� ��� �1ç� ­�

J� %0�PA, ��� �� B kJ� *� 6 �����J �-4

�Y�>. �?$ k� �Y C�B ���'� ¡¢Á
ó� ­[!

ôõç� #-4 ¿ ©ÇJ�� +,� ��� Ä�(*� 6 
�� �

�����`� À`J ÂÃ %0� 
Z)h k� �Y C�B� 
 

7H Ä�(A��Y�`� �� bypassing)! �,-È>.

��?� ��J £�C�� ¡¢¡¤� 
���, ������J�

� 7-10¥� £�C�� �`� =�(
�)� VTPM ¦ B +��

§` ¨J �� A�89(©�, ��)� �Y� SM/� k� �Y C

�B ���� FF� ­�J�� ¡¢¡¤h �YÄ�R' l-4 �

���­�� C�B� ¸¹	, ��?� ­�� ��B� ¸¹	 /c

ö>. �?$ k� �Y C�B ���� ©Ç÷! #� ����­�

� Ê�½:Ä�! ¬� C�BR', ��?� ­�� ��BR' ±V

-È>. Ê�½:Ä�! ¬� ����­�� two-phase �ê! H,-

ÈA ©Ç÷! #� k� �Y C�B ���	 Fig. 2J /cö ø�

�� ±Ï� -È>. ��?� ­�J� B 89h �� e J ��

-[R' ��-A ��(�Úh bypassed� =�)� \[R' ªÃ>

Fig. 1. Schematic diagram of the internally circulating fluidized bed gasifier.
1. Flow meter 8. Draft tube 15. Condenser
2. Steam generator 9. Main body 16. Collector
3. Orifice meter 10. Separator 17. Dust filter
4. Air plenum 11. Freeboard 18. Condenser
5. Distributor 12. Screw feeder 19. Gas sampling bott
6. Overflow drain 13. Coal hopper 20. I.D. fan.
7. Viewport 14. Cyclone

Table 1. Analyses of Australian coal and char preparation

Proximate analysis wt%, db Ultimate analysis wt%, daf

Volatile matter

Fixed carbon
Ash
Heating value (cal/g)

26.37

63.91
9.72
6273

C
H
O
N
S

68.10
4.58

25.38
1.62
 0.32
���� �38� �2� 2000� 4�
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[18]. k� �Y C�B������� ©Ç÷! #� +,� �2 6

h2� >ùh �>.

(1) ���� 2\\¹�A �À�>.

(2) ��?�� ¨�-� �¼� ����ç> \�O wp'(8¥), =

®� ��� ��?�'ú VTP~, B 89(©�� �)� ��?�J

#»$ overflow �! Ö� ¥Þ�>.

(3) 0
 { ø' #J�(z=0), =� 6 
��� ��?� û� ��

��'� bypass� SM/A �·� ü`� ;�¡¤�>.

(4) ����(C�B)­�� S�HR' C�B! ý þÿ-� 
 7

H ©Çl two-phase �ê! H,-È>[3, 6, 19-21]. £�C�� \¹

�\� ��� ©¦ �×' Öh-~, �× 6 emulsion \R'� ��

� ª«� ©¦ plug ª«! ¬A, A� emulsion \� Ê� ½: Ä�

! ¬�>.

(5) ¤¡� m��� �1ç� ­�J� SM/A, FF� ­�R'

¥ÞP� %0� ��8� 0×� vÅJ� "� CH4� ¥Þ&R'�

Ü �2-È>.

(6) FF� ­�J� ¥Þ� ����� B þ�J� bypassPA %

0���8h ½:� W FF� �1ç� ­�! �/ ¥Þ�>.

(7) B 6 �1ç� ­�J�� ����(H2, CO)� *���! A�

-È>.

3-1.�� � ��� ��

k� �Y C�B ���J� \�' VT� ��� �1ç� ­�J

�� %0�� �\ �S ��(H2� CO� *���), ��� �� B

kJ�� �S 6 t�S��(*� 6 �����)J �� �\R' �

Y�>. B kJ� SM/� ��� ��\� t�S ��� >ùh �>.

-*���[5, 18, 20, 22]

C+O2�CO2 (1)

C+1/2O2�CO (2)

C+αO2�2(1−α)CO+(2α−1)CO2 (3)

-�����[5, 23]

C+H2O�CO+H2 (4)

C+2H2O�CO2+2H2 (5)

C+βH2O�(2−β)CO+(β−1)CO2+βH2 (6)

Æ (3)J� α� mechanism factor' 1S ·� � TU'�Ü CO2�,

0.5S ·� CO� *� eJ ��P� ¾! �¯$>[18]. *� ��

8e CO/CO2� t	 �2-� \�Æ� 4? ��� 3�PÐA

[24, 25], ¿ ©ÇJ�� Arthur[24]� \�Æ! +,-È>.

(7)

4�� Ts� � TU� þ�À`' B À`� �>A �2-È>.

Æ (6)� β(products distribution coefficient)̀ α� t�$ �¯	

�� ¾R' (2−β)/β� steam� ��Æ (4)� r'', 2(β−1)/β� ��

Æ (5)� r'' �©P� 0 Z! /ckA d>. Matsui �[23]� β
� 750-900oC I#� À`J� 1.1J� 1.5 2`� �! ¬A À`�

��iJ Â� 	�-� r[! /cö>A -È>. Â�� ©ÇJ +

,� β �� Matusi �[23]� �h	 �,-È>.

Lee �[5]� %
� ���J� ¿ vÅJ +,� ��� *� 6 


�� ����� kinetics vÅ! 
�-4, 4? �� �� ©Çe shrink-

ing core ©Ç� ���`	 ý þÿi! �l-È>. ¿ ©ÇJ +,

� shrinking core ©ÇÆ� >ùh �>.

(8)

�� *� 6 �����h �� t�S �� �ßJ` H2� CO�

*���� SM/~ �� �`Æ� >ùh �� þÿ�>.

H2+1/2O2�H2O r3=k3C
2
H2

CO2/CCO (9)

CO+1/2O2�CO2 r4=k4CCOCO2
(10)

©ÇJ +,� ��� 
`lU� N�� J�� �! Table 2J /

ckÐ>.

3-2.	
 ��


vÅJ +,� µ�ò�h �� ��0� �� ��� r�, %0�


Z� ������� �o 6 
ZJ � ­[! ¯»p' ©Ç� 2

�$ ÍÎ! #��� ¡¢¡¤� Á�J ÂÃ %0� ����� 


CO
CO2

----------=2400 exp−6234
Ts

------------ 
 

dX
dt
-------=k pO2 or H2O

n
1−X( )2 3⁄

Fig. 2. Schematic representation of the internally circulating fluidized
bed gasifier model.

Table 2. Kinetic parameters for the reactions

Reaction
Temperature
range(oC)

k0
E

(kJ mol−1)
Reference

Combustion 500-575
575-700
700-800

7.58×104(1/s�atm)
0.44(1/s�atm)
0.045(1/s�atm)

113
27.6
9.6

Lee et al.[5]

Gasification 700-850 6.47×103(1/s�atm) 167 Lee et al.[5]
H2+1/2O2→H2O − 3.09×1011(m3/mol�s) 99.8 Haslam[26]
CO+1/2O2→CO2 − 8.83×1011(m3/mol�s) 99.8 Tesner[27]
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000
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Z ÍÎ� �� e}->. Lee �[5]� C�B���J� ñV
 µ�

ò�! %0�-4 À`� i
' ����� 
Z! ÍÎË 
 d�

\�Æ! 3�-ÈA, ��J 3�� \�Æh tx-4 ¨�	 ç�!

�l-È>. �¾� %0� ��� Ä� 6 ¡¢¡¤J Â� ] �h�

w´ ��9 
 dR~, ÄO ��0! �� iC-A d� �S
Ý

] ¨�� � ¾R' ô�Ô, *� 6 ��� ©Ç÷� �¿HR' k

×PM� Ë %0� U5� vÅ� +,� ��� �¿U5'�Ü Þ

��� i! ô 
 d>. ¿ vÅJ +,� �5�� %0� ����

� 
Z� À`Á�J Â� ^¸HR' Á�-~, ] �h� >ùh �

� /c� 
 d>[5].

yH2
=8.233Ò10−5T−0.073 yCO=2.168Ò10−4T−0.102

yCO2
=2.999Ò10−6T+0.039 yCH4

=2.561Ò10−5T+0.011 (11)

*�(draft tube ­�) 6 �����(annulus ­�)R'� %0� �

���� 0×� FF� ­�J� ��P� ��� ¡�J \�$ ­

[! ¯»p', FF� ­�J� ��P� CH4� �R'�Ü %0�

����� 0Z! �-4 ©ÇJ H,-È>.

3-3.����

©ÇÆ� Ì�	 #� +,� r�¡¤� ;������ ü`� �

�?� \�J�� ��
�' ���>. Fig. 2J� ç� ø� �� �

���' =®P� =�� ��?�' =®P� 
��� ���J V

TPU�U �1¼�	 Ö-4 bypassPp' bypassed� W� ü`	

FF� ­�J�� ;�ü`' �2-È>. ����J� ��?�',

��?�J� ����' bypassP� ����� 0Z� cold ©Ç v

Å[28]! Ö$ \�ÆR'�Ü �-È>.

(1) Z=0S · FF� ­�R' =®P� ;� �� ü`

-��?� ­�

i=H2O, O2, N2, H2, CO, CO2 (12)

-���� ­�

i=H2O, O2, N2, H2, CO, CO2 (13) 

4�� (14)

(15)

(16)

(17)

(18)

(19)

(2) ��?� \�(z=H)� ��
�

(20)

4�� �Á� ���� �J� ��?�' =®P� ��� �h =

®� ��J ×i� ��&� :! /ckA, �Á� ��?� ­�

R' =®P� ��� �h overflowP� ��&� :! /cö>.

3-4.���� ��(���)

��?� ­�� �� 6 �� e �[R' ª�A ����(
��

� bypass� =�)� e h �²�[R' ª�� ��B ������

� C+$ Ä�! ¬A d>. Â��, ��?� ­�� plug flow ��

�' �2Ë 
 dA 2\\¹J� ��, ����, ����� 9&


�Æ� >ùh �>.

-��:

(21)

-�� 6 ����

(22)

(23)

(24)

 (25)

 (26)

#� 9&
�ÆJ� dt(dt=dz/us:A�\, dt=dz/Ua:��\)	 �.-�:

-��

(27)

-�� 6 ����

−UadCi /dz=Ri (28)

4�� us� A�-��`' A��Y�`J t�-A, A��Y�`

� cold ©Ç vÅ[28]! Ö� "� \�Æ (30)R'�Ü ÍÎ-È>.

(29)

(30)

�?$ cold ©Ç vÅ! Ö$ \�Æ� H, c��! ��-� #

� ���� 2\\¹J `� ! ·� ���� �k� ! Á�!

Î2-4 AÀJ�� A��Y�`	 �
-ÈA, cold ©ÇJ� "

� \�Æh ý S»i! �l-È>[29].

��?� -�J�� �� �YZ(Xa
1)! �2-�, #� ¯0�2Æ

h r�¡¤ (1)R'�Ü ��?� ­�J�� B³�(z)J ÂÃ ��

�YZh ����� ¡�! �Ë 
 d>. �$, ��?� \�� r

�¡¤ (2)'�Ü ���� ­�J�� �� �YZ(Xd)! �-È>.

3-5.���� ��(���)

���� ­�� Ê�½:� C�BR' �2-ÈA two phase ©Ç

! +,-4 /ckÐ>[3, 6, 19-21]. Two phase ©Ç� w´ C�B\!

bubbleh emulsion \R' /" ¾R' ©ÇJ +,� 
 7H lU�

\�Æh 9&
�Æ! Table 3J /ckÐ>. r�¡¤ (2)'�Ü �$

���� ­�� �� �YZ(Xd)! �,-4 Table 3� 9&
�Æ!

Ì�-� B ³�J ÂÃ ����� ¡�0×	 "! 
 d>.

��?�� ���� ­�� �� �YZ'�Ü Bk s� �� �

YZ(Xt)! Æ (31)'�Ü �-È>.

where (31)

Ci a,
1 =Fi a,

1 /Va
1

Ci d,
1 =Fi d,

1 /Vb
1

Fi a,
1 =Fi a,

0 1−fad( )+Fi d,
0 fda

Fi d,
1

=Fi a,
0

fad+Fi d,
0

1−fda( )

Va
1=Va

0 1−fad( )+Vd
0fda

Vd
1=Va

0fad+Vd
0 1−fda( )

fad=5.06 Ud
0/Umf( )

0.885
Ua

0/Umf( )
0.082

fda=2.18 Ud
0
/Umf( )

−0.467
Ua

0
/Umf( )

−0.048

Wfc 1−Xd( )+mcfcarbon=Wfc 1−Xa
H( )+mcfcarbon 1−Xa

H( )

dX
dt
-------={k 1pO2

n
+k2pH2O

n
} 1 −X( )2 3⁄

RO2
= d– CO2

/dt=k1pO2

n
1−X( )2 3⁄ ρsfc/MB( )α+0.5r3+0.5r4

RH2O=−dCH2O/dt=k2pH2O
n

1−X( )2 3⁄ ρsfc/MB( )β−r3

RH2
=−dCH2

/dt=−RH2O

RCO=−dCCO/dt=−{2 1−α( )k1pO2

n

+ 2−β( )k2pH2O
n

} 1 −X( )2 3⁄ ρsfc/MB( )−r4

RCO2
=−dCCO2

/dt=−{ 2 α−1( )k1pO2

n

+ β−1( )k2pO2

n
} 1 −X( )2 3⁄ ρsfc/MB( )−r4

dX
dz
-------= 1

us

----{k 1pO2

n
+k2pH2O

n
} 1 −X( )2 3⁄

us=
Ws

ρbulk

----------

Ws=2.63 10
−5× ρs 1−εmf( )Umf 

Ua Ud×
Umf

------------------ 
 1.19 dor

dp

------ 
 1.29 H

Hs

------ 
 0.873

X t=
Ad 1−δ( ) 1−εmf( )HXd+Aa 1−εm( )HsXa

Ad 1−δ( ) 1−εmf( )H+Aa 1−εm( )Hs

--------------------------------------------------------------------------------------------

Xa=
1
H
---- Xadz

0

H

∫
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8 0.50
8 0.52
8 0.57
2 0.57
6 0.73
0.70
6 0.67
2 0.38
1 0.46
9 0.57
8 0.66
1 0.54
1 0.50
1 0.53
3-6.� ! �" #$

k� �Y C�B ��� ©Ç÷� �
 h2� >ùh �>.

(1) ��?� -�� A� �YZ(Xa
1)! �2$>.

(2) ��?� ­�� 9&
�ÆR'�Ü ³�J ÂÃ �� �YZh

��ü`0×	 �$>.

(3) r�¡¤ (2)'�Ü ���� ­�� �� �YZ(Xd)! �$>.

(4) ���� ­�J� ¡¢¡¤J Â� 
 7H Ä�»� �2PA

9&
�ÆR'�Ü XdJ�� Bk ���� 6 ����� #�[ ü

` 0×	 �
$>.

(5) ¦ ��� �YZ'�Ü Bk s� �� �YZ(Xt)! �$>.

(6) VM� �� �D�±(τ=WB/mc)h F ³�J ÂÃ Bk �� ü

`0×'�Ü �� �YZ(Xt
/)! �
$>.

(7) Xt� Xt
/h� tx	 Ö� £� error ¡¤J �:P`Ý �y �


$>.

(8) FF� ­�J� ��P� ����� gas bypassing! A�$ �

���� %0� ����	 $$ W �1ç� ­�J�� �S ��

! A�� FF� ­�J� £% ����� 
Z, ¡� �! �2$>.

4.�� 	 ��

k� �Y C�B ��� ���J� ��À`(750-900oC), 
�/��

t(0.30-0.53), 
��/��t(0.30-0.81), ��ÓT&(5.3-12.1 kg/h)J ÂÃ

����¡�, 
Z, �� �YZ, ë�� &Z� Á�	 A'-ÈA ]

�h	 Table 4J /ckÐ>. FF� Á
J ÂÃ ­[! A'-� #

� ����(Ud=10 Umf)� ��?�(Ua=1.4 Umf)'� ��C�! A2-

4 t�$ 
 7H Ä�(����� �D�±, A��Y�`, gas by-

passing)! ¬`Ý -È>. ���� ­�h ��?� ­� ����J

� ­[! ¯»� %0� ����� 0×� FF� ­�J� ��P�

CH4� �R'�Ü ���� ­�J� %0�P� 0Z� 0.38-0.73� �

! �(! �l-ÈA(Table 4), ©Ç÷J�� 0.5' �2-È>.

��À`��J ÂÃ ����� 
Zh �� �YZ! Bk ��0

Z(fc)� Á�J Â� Fig. 3J /ckÐ>. ])J� ç*�, ��À`

� ��� %0� ����� 
Zh BkJ�� *� 6 �����

! ���� �� �YZh ����� 
Z! ���+>. ©Ç÷J�

Bk �� 0Z� ��Ë
Ý �� �YZ� 	�-A ����� 


Z� ��i! ô 
 dR~ Bk �� 0Z� 0.15S · vÅ�h�

©Ç ÍÎ�h� �q ý S»i! ô 
 d>. Â��, ¿ ©ÇJ��

Bk �� 0Z! 0.15' �2-È>.

4-1.��%&! �'

��À`� ������ V ��l C-H2O, C-CO2 ��� ,%��

�p' ����� �oJ ­[! ¯»� �q e}$ Á
�>. ��

À`� ³!
Ý -R/, ���� æ9, g0� Eb, NOx� �� �

Table 3. Basic equations in the draught tube region(fluidized bed)

1. Two phase model parameters
(a) Minimum fluidizing velocity[30](εmf = 0.5, εm=0.4, ρs=2.4)

Umf=(µ/ρgdp){[28.72+0.0494d3pρg(ρs−ρg)g/µ2]1/2−28.7}

(b) Bubble volume fraction[31]

(c) Bubble-rise velocity

Ub=[Ud−2(1−δ)Umf]/Umf

(d) Interchange coefficient between the bubble and emulsion phases[32]

Kbe=11/db

2. Mass-balance equation
(a) Gas phase reaction rate equations in emulsion phase

RO2
=−dCO2

/dt=k1P
n
O2

(1−X)2/3(ρsfc/MB)α+0.5r3+0.5r4
RH2O=−dCH2O/dt=k2P

n
H2O(1−X)2/3(ρsfc/MB)β−r3

RH2
=−dCH2

/dt=−RH2O

RCO=−dCCO/dt=−{2(1−α)k1P
n
O2

+(2−β)k2P
n
H2O}(1−X)2/3(ρsfc/MB)+r4

RCO2
=−dCCO2

/dt=−{(2α−1)k1P
n
O2

+(β−1)k2P
n
H2O}(1−X)2/3(ρsfc/MB)−r4

(b) Gas phase reaction rate equations in bubble phase

RO2
=−dCO2

/dt=0.5r3+0.5r4
RH2O=−dCH2O/dt=−r3
RH2

=−dCH2
/dt=−RH2O

RCO=−dCCO/dt=r4
RCO2

=−dCCO2
/dt=−r4

(c) Reactant-gas mass balances

−UbdCi, b/dz=Kbe(Ci, b−Ci, e)+Ri, b

−(1−δ)UmfdCi, e/dz=(1−δ)(1−εmf)Ri, e−δKbe(Ci, b−Ci, e)
(i=O2, H2O, H2, CO, CO2, N2

δ=1− 1+
U−Umf

0.35 gDt

-----------------------
−1

Table 4. Summary of coal gasification data in the internally circulating fluidized bed gasifier 

T
(oC)

mc

(kg/h)
mO2

/mc ms/mc

Draft tube region Annulus region

fpy,d
H2 N2 CH4 CO CO2

G
(m3/h)

C.V.
(MJ/m3)

X
(-)

H2 N2 CH4 CO CO2
G

(m3/h)
C.V.

(MJ/m3)
X
(-)

780 8.67 0.38 0.63 8.93 55.3 2.62 6.66 26.48 7.51 3.29 0.23 36.71 18.24 10.32 19.30 15.43 1.92 11.88 0.0
800 8.27 0.38 0.63 9.09 56.32 2.85 6.72 25.03 7.04 3.46 0.22 36.74 17.46 10.46 20.54 14.80 1.76 12.13 0.0
850 7.90 0.38 0.63 11.87 51.12 2.5 8.53 25.98 7.40 3.69 0.26 40.37 15.16 7.40 21.75 15.33 1.90 10.82 0.0
900 7.56 0.38 0.63 15.83 44.26 2.85 11.88 25.17 8.18 4.74 0.32 45.06 9.35 6.64 25.50 13.44 2.68 11.44 0.1
870 9.38 0.37 0.51 17.54 37.88 4.18 13.12 27.28 8.14 5.88 0.29 37.71 18.65 7.26 21.58 14.80 1.71 10.65 0.0
870 5.29 0.65 0.90 10.65 49.98 2.31 8.07 28.99 6.25 3.46 0.34 31.80 30.03 5.34 18.82 14.02 1.14 8.56 0.06
870 12.10 0.28 0.39 19.65 37.65 4.36 11.37 26.95 8.73 5.93 0.23 46.24 6.93 10.13 23.49 13.21 1.84 13.22 0.0
860 7.90 0.30 0.63 10.19 62.23 1.94 6.7 18.94 6.84 3.33 0.18 43.42 9.12 8.45 24.86 14.15 2.58 11.83 0.1
860 7.90 0.53 0.63 8.31 44.62 2.00 9.73 35.34 6.24 3.37 0.28 38.96 12.95 5.97 21.75 20.37 2.49 9.88 0.1
860 7.90 0.45 0.63 11.08 43.87 2.37 8.86 33.83 7.55 3.63 0.32 39.38 12.42 7.30 23.53 17.37 1.87 10.98 0.0
870 7.56 0.45 0.31 15.84 39.08 2.84 10.31 31.93 8.23 4.66 0.37 41.55 9.42 7.58 24.72 16.72 1.58 11.53 0.0
880 7.56 0.45 0.45 11.77 42.93 2.84 9.09 33.37 7.18 4.03 0.32 38.09 13.37 7.57 23.92 17.06 2.27 11.00 0.1
880 7.56 0.45 0.63 10.94 45.54 2.53 9.03 31.96 6.74 3.79 0.29 40.02 13.65 7.27 23.50 15.57 2.38 11.03 0.1
880 7.56 0.45 0.81 12.34 42.94 2.54 9.42 32.77 7.31 3.88 0.32 41.16 10.53 7.24 25.53 15.54 2.29 11.24 0.1
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in
us-
. 89� ��� ��À`	 3$$>[13, 14, 33]. ¿ *�J�� C�

B ¡¢À`� $� 6 æ9\� a3' ��À`	 £² 900oC' 3

$-È>. ���� À`� ³õ9
Ý ß�'� % uv� ��� �

�À`� 	�-p' electric heaterJ �$ ß��%' ���� À`

	 S2-´ C�-È>.

H2O/C=0.75, O2/C=0.25S ·, ��À` Á�J ÂÃ ��?� ­�

h ���� ­�� ���� ¡�! ©Ç! Ö$ ÍÎ»(�1ç�J�

� �\ �S ��� A� C/)� ij Fig. 4� (A)� (B)J /ckÐ

>. ])J� ç*�, ��?� ­�� ����� 36.7-45.1% H2, 19.3-

25.5% CO, 15.4-13.4% CO2, 10.3-6.6% CH4� ¡�! ��~, ���

� ­�� ����� 8.9-15.8% H2, 6.6-11.9% CO, 25.0-26.5% CO2,

2.5-2.9% CH4� ¡�! ¬�>. ��À`� ��iJ Â� H2� CO�

¡�� ��-A CH4, CO2, N2� ¡�� 	�-� r[! ç�A d

R~[4, 8, 33, 34], �� À`� ��J Â� ,%��l ���-
��

��� �� 6 %0� N��' H2� CO� ��-A, %0�J ��

��P� CH4� 
Z� À`� ��iJ Â� ��-/ >Ã ���


Z �²' ¡�� 	�-� ·a�>. ���� ­�� �����

����� ����� �� r[�! ç�A dR/ ���� ­�R

' =®� =� eJ ×i� N2� *���J �-4 ��� CO2�

¨�-� tZ� ��-4 %&��� i&� \�O 	�i! ç�A

d>.

�1ç�J�� �S ��! A�-� 01! r�(b^), ©Ç! Ö

� ÍÎ� H2� CO� ¡�� vÅ�hç> ³� �! ç�A N2�

CO2� vÅ�hç> 2� �! ç�/, �1ç�� �S �� A�$

r�(v^)J� ÍÎ� �h� vÅ�h� ý S»i! �lË 
 dÐ

>. É, �1ç�J�� �S ��� ����� ¡�J \�$ ­[!

¯»~, ���	 #��� �1ç�J�� �D�±! £��-� ¾

� C1Ë ¾R' ÍÎP/, TU t
J� 3­[! ¯»p' �1ç

� kJ�� �D�± �2� ��� º�J dM e}$ Á
' �F

�>.

��À` Á�J ÂÃ �����%&! c*�U� �h[9, 12, 35]�

ij Fig. 5J /ckÐ>. ��?� ­�J�� ���� �%&� 11-

12 MJ/m3' ��� gap height ̧ ¹� �����! +, ! r�[12]

/ S�Hl C�B[9] �� spouted bed[35] ç> $ ³� �%&!

¬� ¾R' /c/ ¿ vÅJ +,� ���� e%& ��	 "� =

2R'� �� H:-~ c =2ç> �
i! �lË 
 dÐ>. ��

À`� ��iJ Â� ������ ���� �%&� H2� CO ¡�

� ��' ��Ë ¾R' Í\P/ H2� CO ç> �%&� ³� ��

Fig. 4. Effect of reaction temperature on compositions of the product
gas (A) in the annulus region and (B) in the draft tube region.
(solid lines: model prediction including the combustion reaction 
the freeboard. dotted lines: model prediction excluding the comb
tion reaction in the freeboard)

Fig. 5. Comparison of calorific value of the product gas with reaction
temperature. The solid and dotted lines represent the model pre-
diction and linear regression, respectively.

Fig. 3. Effect of reaction temperature on the carbon conversion and
product gas yield at different carbon fraction in the bed.
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�(CH4, C2H4, C2H6, C3H6, C3H8, C4 cpds.)� 	�' 	�-È>

[13]. ]?/, ©ÇJ�� %0�J �� ��� CH4	 3ß$ ��


�� 
Z! A�-� 01� ·aJ ÍÎ� ����� �%&� v

Å» ç> 2� �! ç�A, H2� CO� ü`��' l� ��-�

r[! ç�A d>. Â��, 4$ 2�$ ©ÇÍÎ! #��� ¯&�

$�` %0�J �$ ��
�� 
Z� |}->A Ë 
 d>. ��

À`� \5iJ ÂÃ %0� 
Z� ��� *� 6 
�� ����

�� ��' ���� ­�� ���� 
Z� 0.86J� 1.09 m3/kg

coal' ��-A ��?� ­�� ���� 
Z� 0.22J� 0.35 m3/kg

coal' ��-4 ������� 
Z` 1.08J� 1.44 m3/kg coal' �

�-È>. �$, ��À`� ��iJ Â� ���YZ� 0.31J� 0.45

' ë�� &Z� 0.21J� 0.35' ��-È>[3, 34].

�������J� "M� ����� H2/CO tJ Â� >�$ :

���� <5' +,�>. Fig. 6� ��À`J ÂÃ H2/CO t� Á�

	 c *�U� �h[36]� tx-4 /cö ¾�>. ��À`� ��J

Â� H2/CO t� 	�P� ¾� 
����Y��� s¸� 2� À`

J�� H2 6R' ³� À J̀�� CO 6R' ��P� ·a�~, Judd

�[36]� �h� tx-È! · H2/CO t� 	�2`� 7õ ��À`

� Á�J` .� �S$ H2/CO t	 �� ����	 "! 
 dM

:���� <5' +,8 · �-Á�J ­[� Hù! ô 
 d>.

4-2."�/	
(! �'

860oCJ� ���' =®P� 
��� ��� �� S2(H2O/coal

=0.63, Fc=7.9 kg/h)Ë ·, 
�/��t� ��J ÂÃ ��?�J�� �

���¡� 6 �%&! ©Ç ÍÎ�h� ij Fig. 7h 8J /ckÐ>.


�/��t� 0.3J� 0.53R' ��iJ Â� ����J� ��?�'

bypass� 
�� �� ��� ��?� ­�� H2(43.4-39.0%), CO(24.9-

21.8%), CH4(8.5-6.0%)� ü  ̀6 ����� �%&(11.8-9.9 MJ/m3)�

%&��� æ*�' 	�-/, CO2(14.2-20.4%)� ü`� ��-� r

[! çÈ>[1, 8, 10]. ]?/, ©ÇJ�� CH4� *���! A�-�

01� ·aJ ��?� ­�J�� CH4 ü`� ÍÎ»� vÅ�ç>

³õ H2� CO� ü` 	�J` 9�-A .� S2$ �%&(10.7 MJ/

m3)! /ckA d>. ���� ­�J�� ����� ¡�� ��?

� ­�h �� r[! ç�/ 
�/��t ��J ÂÃ ���� ­�

J�� 
� 0! ��' ] r[�� $ w´ /c/~, ���� ­

�J�� ����� �%&� H2� CO� 	� :� ��?� ­�ç

> wA CH4� ü`` 2õ 
�/��t� ��Ë
Ý 	�-� r[!

ç�A d>. 
�/��t� ��Ë
Ý ���YZ[13, 14]� *� ��

J ;4-� ��&� ��' l� 0.3J� 0.41' ��-A ����


Zh �%&� 	�' cold gas efficiency[13, 14]� 0.26J� 0.22'

	�-È>. vÅ�h'�Ü �%& 6 ���� 
Z! 
�/��t	


�ü`' /" �(mO2
/mcyO2

)h ��=®&� i
' þÿË 
 dÐ

A >ù� ^¸��	 "! 
 dÐR~ �	 Fig. 9(A), (B)� Æ (32),

(33)J /ckÐ>.

C.V.={125.21−77.31mO2
/(mcyO2

)}/mc (32)

G.Y.=mc{−0.076+0.239mO2
/(mcyO2

)} (33)

])h ÆJ� ç�� ø� �� ��=®&� S2Ë · 
�/��

t� ��J ²�� �%&� (^HR' 	�-~, 
�/��t� S

2Ë · ��=®&J Â��� ���� 
Z� (^HR' ��i!

Fig. 8. Comparison of calorific value of the product gas with O2/coal ratio.
(solid line: model prediction, dotted line: linear regression)

Fig. 7. Effect of O2/coal(kg/kg) ratio on compositions of the product gas
in the annulus region.

Fig. 6. Effect of reaction temperature on H2/CO ratio.
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ô 
 d>. �$ Æ (32)� (33)R'�Ü 
�/��tJ ÂÃ ë��&Z

� >ùh �� \�ÆR' /c� 
 dR~, mO2
/mcyO2

� �� 0.98S

r�J £H� ë�� &Z� /ck� ¾R' /c<>.

(34)

4-3.	
)*+! �'

Fig. 10� ��À` 870oCJ� ���' =®P� 
�� 
���

�� S2(H2O/O2=2.5)Ë · ��=®&� Á�J ÂÃ ��?� ­�

J�� ����¡�! ©Ç! Ö$ ÍÎ �h ij /cö ¾�>. �

�=®&� ��iJ Â� \ÀR' VTP� ��R' l$ ÿ% u

v' ���� À`� =±> 	�-p' electric heaterJ �$ �%'

���� À`	 870oC' C�-È>. ])J� ô 
 d*� ��=

®&� 5.3J� 12.1 kg/h' ��iJ Â� %0�J �� ��P� �

�&� ��-p' ��P� H2, CO, CH4� FF 31.8%J� 46.2%

', 18.8%J� 23.5%', 5.3%J� 10.1%' ��-/ CO2� =± 	

�-� r[!, N2� �� ��&� ��' 	�-� r[! ç�A d

R~[1, 2, 13, 33-35], vÅ�h� ©Ç! Ö� ÍÎ� �h� ý S»i

! �l-È>. ��=®&� ��J ÂÃ %0� 
Z� ��' %&

��� ü`� ��� ��?� ­� ����� �%&� 8.56J�

13.22 MJ/m3R' ��-/, ����� 
Zh �� �YZ� ��=®

&��J ÂÃ 
�/��t� 	�' 	�-� r[! ç�A d>. ë

�� &Z� 0.225J� 0.267 2`' .� S2$ �! ç�A dR~

�� %&��� ��J dM �����J �$ ¾ç> %0�J �

$ 2`� $ w>� ¾! �¯$>.

4-4.,-./	
(! �'

��À` 880oCJ� ��=®&� 7.56 kg/h�A O2/C=0.3S · 


��/��tJ ÂÃ �����J�� ���� ¡�! ©Ç ÍÎ�h

� ij Fig. 11J /ckÐ>. ])J� ç*� H2� CO� =± ��

-A CO2� =± 	�-� r[! ç�A dR/ ] Á�2`� w�

0õ 
�� =®&� Á�� ���� ¡�J ¯»� ­[� .� ?

ù! ô 
 dR~ ©Ç! Ö$ ÍÎ�h` vÅ�h� �@��' �

���� ¡�Á�	 �lË 
 ?Ð>.

�\� �h'�Ü k� �Y C�B ���J�� ����� ���

e%& �\� ��	 ^_HR' �
Ë 
 d� ����! ô 
 d

ÐR~, ÄO �1¼� cT� ���� �! ¬� k� �Y C�B

���� ] �o� AMB ¾R' /c<>. �$ ��� V *���

l ���� �kJ�` C%&��� ��� �o$ ¾R' /c<>.

©Ç÷! Ö$ ÍÎ�h� vÅ�h� \�O S»-p', 3�� ©Ç

Æ� k� �Y C�B ���J� �������� ÍÎ 6 �os

�J \�O C,->A Ë 
 d>.

5.� �

(1)k� �Y C�BJ�� �������! ÍÎ-� #-4 
 

7H Ä�, ��kinetics, %0� \�Æ! �;' $ ©ÇÆ! 3�-È

η=
calorific value( ) total production rate of the product gas( )

coal feeding rate( ) heating value( )
-------------------------------------------------------------------------------------------------------------------------------------------

=−0.361+1.359 mO2
/ mc yO2

×( )( )−0.701 mO2
/ mc yO2

×( )( )2

Fig. 9. Gas calorific value and yield function versus O2/coal ratio.

Fig. 10. Effect of coal feed rate on compositions of the product gas in
the annulus region.

Fig. 11. Effect of steam/coal (kg/kg) ratio on gas compositions of the
product gas in the annulus region.
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-]

nce
A, �1ç� ­�J�� �S ��! A�$ ©Ç� vÅ�h	 $ ý

ÍÎi! �l-È>.

(2)��À`� ��iJ Â� ��?� ­� ����� 36.7-45.1%

H2, 19.3-25.5% CO, 15.4-13.4% CO2, 10.3-6.6% CH4� ¡�! ��~

�� 
Z, �� �YZ, ë��&Z� ��-/ A%& ��l ��


�� 	�' ����� �%&� 	�-� r[! ç�A d>. �$

gap height ̧ ¹� draft tube	 ¬� k� �Y C�Bç> $ ³�
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� ��� ��PÐ>.

(3)
�/��t� ��iJ Â� %&��l H2, CO, CH4� æ*�

��R' ����� �%&, ���� 
Z, cold gas efficiency ��

	�-/, *� ��J ;4-� ��&� ��' �� �YZ� ��

-È>. �$ mO2
/mcyO2

� 0.98S · £H� ë�� &Z! ç�� ¾

R' /c<>.

(4)��=®&� ��iJ ÂÃ %0� 
Z� ��' ��?� ­�

�� �� e H2(31.8-46.2), CO(18.8-23.5), CH4(5.3-10.1)� ��' ��

��� �%&(8.56-13.22 MJ/m3)� ��-/ �� 
Zh �� �YZ

� 	�-È>.

(5)
��/��tJ Â��� ¡� \J � ­[� ?ÐR~ txH
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 dÐ>.

� �

¿ *�� J���1=� �º J��U<�E@��<FÜ� *�

t�<R' 
�PÐR~, �J 	+�GH>.
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A : coss-sectional area [m2]

Ci : concentration of component [mol/m3]

db : bubble diameter [m]

dor : orifice diameter [m]

dp : particle diameter [m]

Ei : activation energy for reaction i [kcal/mol]

fc : weight fraction of carbon in the bed [-]

fchar : weight fraction of char in the coal [-]

fAD : gas bypassing from the annulus to the draft tube region [-]

fDA : gas bypassing from the draft tube region to the annulus [-]

Fi : molar feed rate of component i [mol/h]

g : gravitational constant [m/s2]

H : bed height at the fluidization condition [m]

Hs : static bed height [m]

i : H2, CO, CO2, O2, N2, or CH4 [-]

ki : reaction rate constant for reaction i [1/sIatm]

k0i : frequency factor for reaction i [1/sIatm]

Kbe : gas interchange coefficient [1/s]

MB : molecular weight of carbon [-]

mc : feed rate of coal into the ICFBG [kg/h]

mO2
: feed rate of oxygen into the ICFBG [kg/h]

PH2O : partial pressure of steam [atm]

PO2
: partial pressure of oxygen [atm]

ri : rate of reaction i [1/s]

t : time [h]

U : gas velocity [m/s]

Ub : bubble-rise velocity [m/s]

Umf : minimum fluidizing velocity [m/s]

us : solid falling velocity [m/s]

V : volumetric flow rate of gas [m3/s]

W : mass flow rate of circulating solid [kg/h]

WB : bed inventory [kg]

Ws : solid circulation rate [kg/m2Is]

X : carbon conversion [-]

Xa : average carbon conversion in the annulus region [-]

X t : average carbon conversion in the bed [-]

yO2
: oxygen partial pressure supplied into the draft tube region [

z : axial height [m]

/0�� 12

α : system constant [-]

β : product-distribution coefficient [-]

δ : bubble-volume fraction [-]

εm : void fraction in a fixed bed [-]

εmf : void fraction in a bed at minimum fluidizing condition [-]

ρg : gas density [kg/m3]

ρs : solid density [kg/m3]

ρbulk : bulk density of annulus region [kg/m3]

µg : gas viscosity [kgIm/s]

τ : residence time of coal in the ICFBG [h]

342

0 : inlet condition

1 : boundary condition at the bottom of reactor 

H : boundary condition at the top of the reactor

542

a : annulus region

b : bubble region

d : draft tube region

e : emulsion region
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