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Abstract − A particle population balance has been developed to analyze characteristics concerning solid flow rates of input

and output streams and their particle size distributions in a fluidized bed high pressure hot-gas desulfurization process of the

IGCC system that consists of a desulfurizer and a regenerator. Simulation on the solid flow rate and its particle size distribu-

tion has been carried out with variations of principal process parameters such as the attrition rate constant of sorbent, cut diam-

eter of the cyclone, bed weight and gas velocity in the desulfurizer and the cut diameter of the cyclone in the regenerator. As

the attrition rate constant of sorbent, the bed weight and gas velocity of the desulfurizer increased, the feed rate of fresh sorbent

and the flow rate of solid from the regenerator to the desulfurizer were predicted to increase. As cut diameters of desulfurizer
and regenerator cyclones increased, the feed rate of fresh sorbent were predicted to increase, however, the flow rate of solid

from the regenerator to the desulfurizer were predicted to decrease. The most important factor affecting solid flow rates of input

and output streams and their particle size distributions was found to be the cut diameter of the desulfurizer cyclone. Effects of

the attrition rate constant of sorbent, gas velocity and bed weight in the desulfurizer on the feed rate of fresh sorbent were pre-

dicted somewhat important because they affect the particle attrition rate. Particle size distributions of the process were influ-

enced mainly by the collection efficiency of the desulfurizer cyclone, however, effects of other parameters were negligible. The

gas velocity in the desulfurizer was found the most important parameter for load control and the effect of the collection effi-

ciency of the desulfurizer cyclone on load control was moderate. 
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IGCC(integrated gasification combined cycle)��� �� �� �	


 �� 
� �� � �� ���� ���� ���, �� ��  !

"# ��� 
� �� ��$ %&� '�� �	
 �$( )���

*� �� 
� +, H2S, COS -, # 
./0 �1&2 �� �

�$( �! 3�, �4 3� � 56 3� -0 47&� 89 +:

; <= ��>?[1-6]. 
@, 200oC AB$( CD&� EFGH I

! �� ��$ J4 �� 
�, �� �� ��� 400oC >K,

��$( 
�L MN&O� �� 
�, PQ$ RS TU VW0 X

Y&�, Z [\0 ]�&^, ��, �� 
�� �	 _`, �a$

>D�bc &O� �	
 ��, Z de0 f g2h^, i� ��

$( �)�� jk -, MN� l:&Y m�O� �n JD, op

dqb �� 2r �Y stu0 �v?. >� w� 2r �Y stu

� H&2 xy Az, E{0 +|�� ��  ! "# ��$ };

~�� ��� v��� �?. 

�� ��  ! "# ��� "# FV
, y) FV
, �# �k

���� ���� ��^, "# � y) FV
, ��$ R� >a�,

���, �a��� ���� �?. "# ��� "# �$( ��K,

"#�$ 400oC >K, �� 
�L ���� 
�+, �# 
./

(H2S, COS)0 �1&� CD� "#�� y) �$( �
 �� ��

�, �
 FV�� y)�?. y) �$( �)�� SO2� �# �k

��$( �k�?. �� ��  ! "#$ }�� �| 
�� Go;

"#�, ��q "#�� y)�, ��
�� *�� � k �?. 

{ ~�� ��, ��, �a� "# ��$( k�� �� � ��

, ��$ 
{> �� �� �� ��0 ��&
 =4( "# ��

y) �, �� ��> 6  �¡� �¢ kY 4�0 £; �� ¤

¥ 6¦, ��0 §¨� k��©?. ��� 6¦0 >D&2 "# �

, ª9$� C>«¬ �­ �ª, �¢ 56 %b Kk, ��� g>,

�% -, ®¯ °kL, y) �, ª9$� C>«¬, �­ �ª0

®¯ °k� �¡&2 Q ®¯ °k, °
$ RS "# �� y)

�, �� �� �� °
L 6C&±?. �� �� ��, 4�� ²

³ "# �� y)� Q FV
$( ��, ´µ �¶ �·, 7�q

"# � y) FV %b� ~¸�� "#¹y) º. ��, FV


6¦$ CD�?.

2. ��� ��

2-1. ���� ����� 	
��

{ ~�$( �¡� ��  ! "# ��, ��¤¥�®� Fig. 1q

w> �a� "#�-�a� y)� ��� "#�� "#�$( �a



�� h��� H2S� COSL »�; �� 
�� FV&�[�: H2S

(g)+M-O(s)¼ H2O(g)+M-S(s)], FV� �¢� J��� C>«¬$

½¾� ³ loopseal0 >D&2 y)�� ¿Àv?. FV� "#� �

¢� y)�$( �a
 
�� h��� 
�$ »�� ��� FV

&2 y)�^[�: M-S(s)+1ÁO2(g)¼ M-O(s)+SO2(g)], J�� �¢�

C>«¬$ ,4 ½¾�� y)�� y¤¥�� y)� &�$( ��

� ��� Â�� Ã��1* "#�� h��?. =, FV!$( M-

O(s)� AFV "#�, Ä% �
/>�, M-S(s)� "# FV ³ "

#�, #
 Ä%0 *TÅ?. 

Fig. 1$( Fi� �� i ��, ÆÇ%b, x� �� �¢, Èª, pi(x)

� ÆÇ%b Fi ��, �b�½$ }; ÉÊËb»k, [pbi(x), i=1, 2]

� FV
À �¢, �b�½$ }; ÉÊËb»k, [Ri(x), i=1, 2]�

FV
À �¢, 56%b, [Rai, i=1, 2]� FV
À$( 56$ ,4

( )��� A�, ÌÍ)�%b, [Ki
* (x), i=1, 2]� FV
$( �¢

, J���%b, [ψi(x), i=1, 2]� C>«¬, ½¾de, (Rfi, i=1, 2)

� C>«¬$ ½¾� �¢, y¤¥ �e0 *TÅ?. 

{ ~�$(� "#�$( J�� �¢+ C>«¬$( ½¾� �¢

� 6  y)�� y h��� '�� �¡&±�^ "#� &�$(

����� Î� '�� �¡&±?. "#�� y)�� E�; ���

g>, �� �Ï�� �Y�^ Ð "#�� "#�� h��?. "#�

� y)�$( ����� Ñ�Ò.��>^, ��, Ëb� E�; '

�� ·h&±?. \� ��$( "#q y) FV$ RS �� �¢

, Ëb °
� 89 Ó
 Ô3$ >� Ï�Õ k �?. 

��, �¢kY� "#�� y)�$ n4 QQ �¡&�,   �¢

kYL ~¸&2 4�&2Ö ;?.

2-1-1. "#�, �¢kY

"#�, freeboard <×G0 
Ø�� &2, �¢kY� ?Ùq w

> ¨x�?[7-9]. FV� /NG FV�� �¢ 56L �¡;?.

(1)

2
(

(2)

(3)

(4)

ªÚ ® : pb1(x)=0 for x=xmax (5)

�Û ® : (6)

R1(x)� "#�$( 56$ ,; �¢, �bp�%b, Ra1� "#�

$( 56$ ,4( )��� A� )� %bL *TÅ?. 56 A�

, )�%b� ÌÍÜ�� �¡&^, �b�½� �a
%b, 1% �

%> ÝÞ%bH �ª >&� µE; '�� ¿£ ���?[8]. "#�

À ����0 Ñ� Ò.�� ·h&�, "#�$( ��, J� ��

%b� "#� freeboard <×Gq <= ×Gß J� �� %b(E i
* ),

à�� *Tá?. xmax� ân �ª0 *TÅ?. 

dpb1 x( )
dx

------------------ α11 x( )pb1 α12 x( )pb2 x( ) α13 x( )–– 0=+

α11 x( )
F1

W1R1 x( )
----------------------

K1
* x( )

W1R1 x( )
---------------------- 1

R1 x( )
-------------

dR1 x( )
dx

----------------- 3
x
---–+ +=

α12 x( )
F10

W1R1 x( )
----------------------=

α13 x( )
F0p0 x( ) Ra1pa1 x( )+

W1R1 x( )
-----------------------------------------------=

pb1 x( )dx 1=
0

xmax∫

Fig. 1. Flow diagram of a fluidized-bed hot gas desulfurization system.
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2-1-2. y)�, �¢kY

"#�$(� aE; Xã�� y)�, freeboard <×G0 
Ø�

� ; �¢kY� ?Ùq w> ̈ x�?. 

(7)

2
(

(8)

(9)

(10)

ªÚ ® : pb2(x)=0 for x=xmax (11)

ÚÛ ® : (12)

R2(x)� y)�$( 56$ ,; �¢, �b p� %b, Ra2� y)

�$( 56$ ,; A� )� %bL *TÅ?. 56 A�, )�%

b� ÌÍÜ�� �¡&^, �b�½� �a
%b, 1% �%> ÝÞ

%bH �ª >&� µE; '�� ¿£ ���?. y)�À ����

0 Ñ�Ò.�� ·h&�, ��, J� �� %b� y)� freeboard

<×Gq <= ×Gß J� �� %b(Ei
* ), à�� *TÅ?.

2-2. 	

 �� �� ��

{ ~�$(� <= ×Gß �¢ J� �� %b$ }; K}!��

�� ��0 Jä&2 å� æ=, �a
 ® $( 
� �a�$ G

DÕ k �� <¤
� Choi -, K}![10-11]0 CD&±?.

 (13)

= CdRep exp(−9.12−0.0153a(Ht−Hb)) (14)

= Ar0.5 exp(6.92−2.11Fg
0.303− 13.1/Fd

0.902) (15)

 
2
(

 Ar = gdp
3ρg(ρp−ρg)/µ

2 (16)

Fg = gdp(ρp−ρg)    in SI unit (17)

Fd = CdρgU
2/2      in SI unit (18)

(19)

    (20)

Cd� ç�ÚkL ,A&^ ?Ùq w> ¨x�?.

(21)

Rep = dp U ρg/µ (22)

2-3. 	

 ����

�KK�$( �À �¢, 56$ ,; A�, ÌÍ)�%b� <E

�¢, �b p� %b� Merrickq Highley[12], K}!�� ¨x&

±?. ÌÍ A� )� %b(Ra)� qè
�%b(U−Umf)� �Ï�(W)$

,4( ?Ùq w> ¨x�?.

Ra = Ka(U−Umf)W (23)

Ka� %bKk� �¢ 56 ��(friability), »k>?. >L <E �

¢$ GD&× ?Ùq w?.

R(x) = dx/dt =−Ka(U−Umf)x/3 (24)

3. 	
 ��

{ 6¦0 ;z$éY
�~�� �a� "#��("#�: 0.123 m

I.D., 7.0 m high, y)�: 0.23 m I.D., 2.0 m high)$ GD&2 ��

�� ��0 6C&±?. ���� ��, 56%bKk(1ê10−9, 6ê

10−9, 3ê10−−−−8, 1ê10−7 cm−1), C>«¬ �­�ª(0.5, 1.5, 2.0, 3.0ê

10 cm−3),�%(100, 200,300, 400 cm/s),���g>(5, 10, 20,30, 40, 50

cm)-0 °
�ë�^ y)�, ª9$� C>«¬ �­�ª(0.5, 1.0,

1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, 10.0ê10−3

cm)0 °
���^ ������$ Aì� íî0 6C&±�^ Q �

�¢ï +$( °k� �¡�Y m� ª9� ð� ñò� ¨�� Ü�

� ��&±?. C>«¬, �­ �ª(cut diameter)� ½¾ de>

50%H �ª0 ,A&^, ½¾ de� Lapple[13], �� óô���_

7�&±?. { 6C$( "#�� y)�, �&�$( ����� Î

� '�� �¡�©�(F1=0, F10=Ff10) "#�� y)�, C>«¬$(

½¾�� �¢� 6  yCD�� '�� �¡&±?(F5=0, F9=0). "

#�� y)�$ h�� 
�, ®�� Table 1$, Ð "#�(fresh feed)

, �b �½� Table 2$ *TÀ©�^, �¢Ëb� 1,850 kg/m3>?.

"#�, �b� ��� QQ 550oC, 20
���, y)�, �b� �

�� 700oC, 20
��� ��&±?. 56$ ,4( )��� A�,

ân �ª� 5µm�� ��&±�, �b �½� ân �ª >&� µ

E; '�� ·h&±?. 

4. 
� � ��

4-1. ������

Fig. 2� 
¶� ® $( ®¯�� "#�$( C>«¬ �­�ª,

dpb2 x( )
dx

------------------ α21 x( )pb2 x( ) α22 x( )pb1 x( )– α23 x( ) 0=–+

α21 x( )
K2

* x( )
W2R2 x( )
---------------------- 1 Rf2ψ2 x( )–( )

Ff10

W2R2 x( )
---------------------- 1

R2 x( )
-------------

dR2 x( )
dx

-----------------  3
x
---–+ +=

α22 x( )
Rf1ψ1 x( )K1

* x( )
W2R2 x( )

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

α23 x( )
Ra2pa2 x( )
W2R2 x( )
-----------------------=

pb2 x( )dx
0

xmax∫ 1=

Ei
* Eih

* Ei∞
*+=

Eih
* dp µ⁄

Ei∞
* dp µ⁄

Hmf

Hb

-------- 1 1
Umf

U
--------– 

 
1.06Umf 1+( ) 1.06Umf⁄

–=

adp 11.2 210
dp

Dt dp–
---------------+– 

 exp
dpρg U Umf–( )

µ
--------------------------------- 

 
0.492–

=

ρpgdp

ρg U Umf–( )2
------------------------------

 
 
 

⋅
0.725 ρp ρg–

ρg

--------------- 
 0.731

Cd
1.47

Cd

24 Rep⁄   for  Rep 5.8≤

10 Rep
1 2⁄⁄      for  5.8 Rep 540≤<

0.43        for  540 Rep<





=

Table 1. Composition of fluidizing gas in the desulfurizer and regenerator

Desulfurizer:

Component H2 CO N2 CO2 H2O H2S

Mole fraction 0.306 0.382 0.000 0.125 0.183 0.004

Regenerator:

Component O2 N2 SO2

Mole fraction 0.0126 0.9790 0.0084

Table 2. Size distribution of fresh sorbent

Sieve size [µm]
−200
+190

−190
+162

−162
+147

−147
+134

−134
+123

−123
+111

−111
+ 96

−96
+74

−74
+53

−53
+ 0

Weight fraction [-] 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
���� �38� �5� 2000� 10�
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°
$ RS "#�� y)�, ���Ç °
L *TÀ� �?. õö

$( F� ���Ç(g/s)0 ,A&^ QQ "#�$ Ð� h��� ��

(F0), "#�$( J��� ��(F2), "#� C>«¬$ ,4 ½¾��

��(F3), "#� C>«¬0 £q4 ���� ��(F4), y)�$( J

��� ��(F6), y)� C>«¬$ ,4 ½¾�� ��(F7), y)�

C>«¬0 £q4 ���� ��(F8), y)� &�$( "#�� yh

��� ��(F10), �Ç0 *TÅ?. F4� F2� F3$ J4( 89 Ó


 Ô3$ õö$( F2� F3, ªî� 1, +÷��( *Tø?. {

6C æ=, T ® $(b > ªî� aE&±?.

õö$ *Tø ù� w> "#� C>«¬, �­ �ª> ú�»$

R� "#�$( J��� �¢Ç(F2) � "#� C>«¬ ½¾�¢Ç

(F3)> p�&±�^ "#� û�� ���� �¢Ç(F4)q "#�$ h

��� "#�Ç(F0)� ú�&±?. ;ü y)�, ����� y)�$

( J��� �¢Ç(F6), y)� C>«¬ ½¾�¢Ç(F7), y)� û�

� ���� �¢Ç(F8) � y)� &�$( "#�� yh��� �¢

Ç(F10)> p�&±?. >� w� ªî� C>«¬ �­ �ª> ú�»

$ R� Ó� �¢u$ n; C>«¬, ½¾de> p�&2 C>«

¬$ ½¾�� �¢Ç(F3)> p�&�, "#� û�� ���� �¢Ç

(F4)� ú�&2, "#�$ Ð� h�&2Ö &� "#�, ý(F0)> ú

�&
 Ô3�� Cï�©?. þ; "#� �� + Ó� �¢, ý>

KnG�� p�&O� J� �¢Ç(F2)b p�&� '�� Cï�©?.

"#� �À �� + Ó� �¢, ý> p�&× y)� �À ��

+ Ó� �¢, ýb »ÿ p�&O� y)�$( J��� �¢Ç(F6),

y)� C>«¬ ½¾�¢Ç(F7), y)� û�� ���� �¢Ç(F8)>

p�&±�^, "#�$( J��� �¢Ç(F2)> p�&O� y)� &

�$( "#�� yh��� �¢Ç(F10)> p�&� '�� Cï�©?.

Fig. 3� �¢56%bKk, °
$ RS "#�� y)�, ���

Ç °
L *TÀ� �?.õö$ *Tø ù� w> "#�� y)� 6

 $ n4 �¢56%bKk� ú�»$ R� ���Ç> ú�&±�^

>� w� ªî� �¢56� ú�»$ R� A��¢Ç> KnG��

ú�&2 "#�� y)�$( J��� �¢Ç(F2, F6)> ú�&O�

"#�� y)�, C>«¬ ½¾�¢Ç(F3, F7), "#�� y)� û�

� ���� �¢Ç(F4, F8)> ú�&^ �, �YL =4 "#�$ Ð

� h��� "#�, ý(F0)q y)� &�$( "#�� yh���

�¢Ç(F10)> ú�&� '�� Cï�©?.

Fig. 4� "#�$( ��� g>, °
$ RS "#�� y)�,

�� �Ç °
L *TÀ� �?. "#�, ��� g>� ú�»$ R

� "#�$( J��� �¢Ç(F2) � "#� C>«¬$( ½¾��

�¢Ç(F3)> ?� ú�&±�^ "#� û�� ���� �¢Ç(F4) �

"#�$ Ð� h��� "#�, ý(F0)> ú�&±?. þ "#� C

>«¬$( ½¾�� y)�� h��� �¢Ç(F3)> ú�&O� y)

�$( J��� �¢Ç(F6), y)� C>«¬$( ½¾�� �¢Ç(F7),

Fig. 2. Solid flow rate versus cut diameter of the desulfurizer cyclone.
Fig. 3. Solid flow rate versus particle attrition rate constant.

Fig. 4. Solid flow rate versus static bed height of the desulfurizer.
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y)� û�� ���� �¢Ç(F8) � y)� &�$( "#�$ Ð�

h��� �¢Ç(F10)> ú�&±?. >� w� ªî� "#�À �¢Ç,

ú�� »ÿ 56$ ,4 )�� A�> ú�&
 Ô3�� Cï�©?.

Fig. 5� "#�$( 
��%, °
$ RS "#�� y)�, ��

�Ç °
L *TÀ� �?. õö$ *Tø ù� w> �%> ú�»

$ R� "#�$(, �¢J�%b� ú�&� �¢, 56� ú�&

O� "#�$( J��� �¢Ç(F2), "#� C>«¬$( ½¾��

�¢Ç(F3), "#� û�� ���� �¢Ç(F4) � "#�$ Ð� h�

�� "#�, ý(F0) 6  ú�&� EFGH ªî0 *TÀ©?. "

#�$(, 
��% °
� y)�, ���Ç$ Aì� íî� <Y

y)� &�$( "#�� yh��� ��Ç(F10)> ú�� � y)�

, ®¯® � E�&O� y)�$( J��� �¢Ç(F6), y)� C

>«¬$( ½¾�� �¢Ç(F7) � y)� û�� ���� �¢Ç(F8)

$� � íî0 AìY m� '�� *T�?.

y)� C>«¬, �­ �ª °
$ RS "#�� y)�, ���

Ç °
� J�G Ó�?. y)� C>«¬, �­ �ª> ú�»$

R� y)�$( J��� �� + Ó� �¢u> � û�� ���O

� y)� C>«¬$( ½¾�� �¢Ç(F7)� p�&� y)� û�

� ���� �¢Ç(F8)� ú�&^ y)� û�� ���� �¢Ç(F8)

> ú�&O� �, �YL =4 y)� &�$( "#�� yh��

� �¢Ç(F10)� p�&±?. þ; y)� � À �� + Ó� �¢,
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Fig. 5. Solid flow rate versus gas velocity of the desulfurizer.

Fig. 6. Particle size distribution versus cut diameter of the desulfurizer
cyclone.
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Fig. 7. Particle size distribution versus cut diameter of the desulfurizer
cyclone.

Table 3. Effects of process variables on solid flow rates(F0, F10) and particle size distributions of the process

Parameter of the desulfurizer(range)

F0 F10
Change of process particle size

distributionRanges in g/s 
(trends)*

Exponents of 
parameters

Ranges in g/s 
(trends)*

Exponents of 
parameters

Static bed height(0.05-0.5 m) 0.02-0.14(↑) 0.845 1554-1564(↑) 0.0028 Minor
Particle attrition rate constant(1�10−9-1�10−7/cm) 0.01-0.25(↑) 0.699 1552-1570(↑) 0.0025 Minor
Cyclone cut diameter(5-30µm) 0.05-0.35(↑) 1.090 1850-1300(↓) −0.197�0 Significant
Gas velocity(200-500 cm/s) 0.06-0.13(↑) 0.844 1000-2100(↑) 0.8100 Minor

*↓: Decreasing ↑: Increasing
HWAHAK KONGHAK Vol. 38, No. 5, October, 2000



704 ������������� !

y

l-

-

]

]

red

red

[-]

[-]

of

for

e.

n,

fu-
��, �b�½� "#� C>«¬, ½¾de$ YÃGH íî0 


��^ T°ku, íî� Ï�Õ k �©?. 

"#��, �&®o Xã$ �¡Õ k �� °k�� "#�$( �

%> �s +:&^, "#� C>«¬, ½¾de � C>«¬, �­

�ªb Kß; íî0 h� '�� Cï�©?. "#�$( MN
��

Ç, ú�$ n; �&®o� "#� 
��%, ú�$ RS y)�

��_ h��� "#� �Ç, ú�� ��&^, MN
�+, H2S�

b, ú�$ n; �&®o� "#�, ���g>L ú��� 
�,

FV
À �¶�·0 ú����� ��; '�� �<�©?.

� 


{ ~�� n�$éY
���C¯(G7), E¥�� k��©I�?.

~�J Y�$ pC�¸�?. 


���

a : decay constant [1/m]

Ar : Archimedes number [-]

Cd : drag coefficient [-]

dp : particle diameter [m]

Dt : column diameter [m]

: entrainment rate of particles in size i [kg/m2¹s]

: cluster flux of entrained particles in size i [kg/m2¹s]

: dispersed noncluster flux of entrained particles in size i or elutria-

tion rate constant of particles in size i above TDH [kg/m2¹s]

Fd : drag force on the particle per projection area [Pa]

Fg : gravity force minus buoyancy force per projection area of particle

[Pa]

F0 : solid flow rate of fresh feed [kg/s]

F1 : solid flow rate of bed drain in the desulfurizer [kg/s]

F10 : solid flow rate from the regenerator to the desulfurizer [kg/s]

F2 : flow rate of entrained solids from the desulfurizer [kg/s]

F3 : flow rate of solids collected in the desulfurizer cyclone [kg/s]

F4 : flow rate of solids passing the desulfurizer cyclone [kg/s]

F5 : flow rate of discharged solids among solids collected in the

desulfurizer cyclone [kg/s]

F6 : flow rate of entrained solids from the regenerator [kg/s]

F7 : flow rate of solids collected in the regenerator cyclone [kg/s]

F8 : flow rate of solids passing the regenerator cyclone [kg/s]

F9 : flow rate of discharged solids among solids collected in the

regenerator cyclone [kg/s]

Ff10 : bottom solid discharge from regenerator [kg/s] 

g : gravitational acceleration [m/s2]

Hb : bed height calculated from Eq. (19) [m]

Hmf : Hb at Umf [m]

Hs : static bed height [m]

Ht : column height [m]

K1
*(x) : particle entrainment rate in size x from the desulfurizer [kg/s]

K2
*(x) : particle entrainment rate in size x from the regenerator [kg/s]

Ka : attrition rate constant [1/m]

pi(x) : probability density function of size x of particles in the flow

rate Fi [1/m]

pa1(x) : probability density function of size x of particles formed by

attrition in the desulfurizer [1/m]

pa2(x) : probability density function of size x of particles formed b

attrition in the regenerator [1/m]

pb1(x) : probability density function of size x of particles in the desu

furizer [1/m]

pb2(x) : probability density function of size x of particles in the re

generator [1/m]

R(x) : shrinking rate of particle sphere [m/s]

R1(x) : shrinking rate of particle sphere in desulfurizer [m/s]

R2(x) : shrinking rate of particle sphere in regenerator [m/s]

Ra : total attrition rate [kg/s]

Ra1 : formation of fine particles by particle attrition in desulfurizer [kg/s

Ra2 : formation of fine particles by particle attrition in regenrator [kg/s

Rep : particle Reynolds number, dpUρg/µ [-]

Rf1 : fraction of particles fed to regenerator among particles captu

by desulfurizer cyclone [-]

Rf2 : fraction of particles fed to regenerator among particles captu

by regenerator cyclone [-]

t : time [s]

U : superficial gas velocity [m/s]

Umf : U at minimum fluidizing condition [m/s]

W : weight of bed solids [kg]

W1 : weight of bed solids in desulfurizer [kg]

W2 : weight of bed solids in regenerator [kg]

x : diameter of particle [m]

xmax : maximum diameter of particle [m]

Yi : weight fraction of size x of particles in the flow rate Fi [-]

Yb1 : weight fraction of size x of particles in the desulfurizer [-]

Yb2 : weight fraction of size x of particles in the regenerator [-]

()*+ ,


α11(x) : function defined by Eq. (2) [1/m]

α12(x) : function defined by Eq. (3) [1/m]

α13(x) : function defined by Eq. (4) [1/m2]

α21(x) : function defined by Eq. (8) [1/m]

α22(x) : function defined by Eq. (9) [1/m]

α23(x) : function defined by Eq. (10) [1/m2]

ψ1(x) : particle collection efficiency in size x of the desulfurizer cyclone 

ψ2(x) : particle collection efficiency in size x of the regenerator cyclone 

µ : gas viscosity [Pa¹s]

ρg : gas density [kg/m3]

ρp : apparent particle density [kg/m3]
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