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Abstract − Fines behaviors are considered as main factors in determining the operation states of blast furnace with PCI(Pul-

verized Coal Injection). The gas velocity and pressure distribution in blast furnace was analyzed by Ergun equation with two

dimensional FEM(Finite Element Method). The theoretical model to predict the pressure drop was used under assumption that

the interaction force between gas and powder is main resistance factor in fines flow through packed bed. To estimate the pow-

der hold-up, the model is combined with the experimental result on the fines velocity in gas stream. The size of fines is most

important factor in determining the concentration of fine in blast furnace together with density and feeding rate. Both of the

measured and calculated results show that 10% fines concentration is at 1.5-2 m distance from tuyere tip. The results of 2-D

numerical analysis on the distribution of fines concentration in blast furnace shows 20-30% in deadman and 10-20% above the

root of cohesive zone.
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Fig. 1. Schematic diagram of a blast furnace.
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Fig. 2. Flow chart for the calculation of fines concentration in blast fur-
nace.
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Q²8( ²pD ��� �I2 Ü-M* ���� ²pD� ²yM

� � ²pD
 Dp� yBM* �� �Ù¦�
 H%I�
 �p�

�FMË�. �I	 ²pD� 20 cm  �� ²y5� �wM* Lj

�� �c2 �~M* �� �c ,1 T¤yÀ� 9:��.

�!c ÅÆÇd �I	 H%I ?È2 ÌÍ·] Q² "#8� �V
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� ~j8 m9m ¿�. ÿ] ?È� *ï �+�. &�'I(� e%
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* s� �� �,��. �� �Ù¦�
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�My� 10%$ G� mÝ
 �î2 Q²�/¬ �~M* �2 �V
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� *ï /
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I(/8( Lj$ 25 mm�M! H%I� ��T8( 50%2 ÖmM

� s�. xyU �L¤� 144 kg/t-p� à� 25 mm �M H%I$
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 �
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 ��5V2 $¾N�.

&�'I(/y8( �� H%I �c8 ,5 3 mm �M y¤
 1

� �LG� xyU
 �Vp mÿ� F�G�j M. Fig. 58 9:;

<= >� y¤ 10%2 �ü�� &�'I(
 W�Ý� ²y5�. ¶

�Ð íÈ
 xyU �L �I2 F�M� Ùï 3 mm�My� xyU

�L¤ =$8 ��( =$M� �] �TÐ �I2 F�M* T%8

xyU 7/8 �V/�2 M� oxy-coal �I
 Ùï \� xyU¤

�LW 3 mm�M y¤� Jc 9:>�. 144 kg/t-p8( �TÐ �I

2 F�M* xyU� �LM� Ùï 3 mm �M y¤� ¶�Ð xyU

�L�I2 F�M* xyU� 86 kg/t-p �LM� Ùï
 rüE 1?

MË�.

xyU �L¤ g ���Ú8 �� �V, u� 
+�8( y
 �

j� H%I ÅÆÇ� oM* �! i r s�. ÅÆÇd y� dynanic

hold-upE static hold-up
 �� Õµ total hold-up¤��� Ñ r s�.

Fig. 48� ÅÆÇ WA
 � ² � wt%2 9:	� s�. 10 mm�M


 WAT ,/y� 3 mm�M�� �� 2 r s�.


+�
 uv L¡! H%I� 10 mm�?�� 10 mm�?
 WA

Fig. 3. Calculated gas velocity distribution in furnace by 2D FEM.

Table 1. Operating conditions and raceway depth changes

PCR
(kg/t-p)

Tf
(oC)

Burning ratio
(-)

Fines generation 
rate (kg/m2s)

Measured raceway 
depth(m)

186 2234 0.83 0.41 1.9
197 2165 0.81 0.48 1.6
130 2200 0.81 0.62 1.2
124 2307 0.86 0.51 1.5
144 2510 0.93 0.46 1.7
186 2231 0.83 0.41 1.8

Fig. 4. Cumulative coke size distribution at tuyere level.
(a) PCR: 86 kg/t-p and (b) PCR: 144 kg/t-p in blast furnace.
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2 �W Lj�� yîM* 9:	S ·] k�5 ñQ8@m8 
�

( H%I b¯$ �S9� ²h! 50-80 cm²h� 25 mm�M
 H%

I$ Ã� �� Ñ r s� �] H%I 
+�
 W�Ý�� A~G�

80-100 cm�� y
 hold-up W�Ý! 3 mm�M %�
 H%I yÀ

� 10%! mÝám� Lj$ B 25 mm�?
 H%I$ Ã� �� 2

r s�.

Table 1� *}C8 DE( FS+ H%I ÅÆÇ ÂE�/¬ FS+

xyU �L¤� �V, Nj= �VÀ �î� �V, %j2 9:	

� s�. �V, Nj
 Ùï oxy-coal��� Mm ¿� Ùï ��mr

T 5�  �� �V, Nj� 9:��. Oxy-coal��� M� Ùï�

oxy-coal¤ 1,000 Nm3/hrú 60oC
 Nj ?n� s�� �²ÂE[14]

2 ��M* �V, Nj2 A~MË�. �V, Nj�/¬ xyU �

VÀ A~� �×�E >� � r s�[15].

xyU �VÀ =�V,NjG0.03801−2.08 (16)

� �� ª��8( �~d �V, Nj= &�'I(8 �! y¤E


 Ðl�/¬ ²�H�. �= 4´ 5 - Q²ú �V,8( H%I x

yU
 yY�¤� �×E >� A~��� ²MË�. *�( �A1

�ü� 500 kg/t-p� 0~MË�.

yY�¤(kg/m2/s) =

(17)

*�( PCR: xyU �L¤(kg/t-p)

*�( η: �VÀ(-)

*�( cgas(PCRGη): xyUT $I�¤(kg/t-p)

ICJ �
 Ùï xyU �L¤8 ��( H%I
 yY¤� =$M

c GÏ� �A12 �ü�� xyU �L¤8 ��( H%Iy� l

�GjK MË�. �!c Y�d y� ��T 1/3~j$ �V,� qL

GS &�'I(8 ��� ��� $~MË�. �CJ �� xyUT

rV8 
�( e	 solution loss�� 5V8 �úM� yY�¤� 9

:��[16]. LCJ�� xyU
 �VÀ8 �� xyU ¡�8( Y�

G� y¤� 9:	� s�. �}5 �8 ¼b¤, W  g Q²Mr2

�:MÏ�( yY� q�� ²i r s�. �2 Table 18 9:��.

�= >� �V,8( y Y�¤� xyU
 �VÀ8 ��( xyU

¡� Nt 'O� H%I
 y�8 �� y Y�j �:i �v$ s×

� 2 r s�. �}5 xyU �VÀ g H%I yY�¤8 �� e	

8 y
 hold-up� �V, u�
 H%I 
+�8 På� g QR �

�W � �c MÏ� o�p8 ��� x�� ��� ·!�.

4-2. �.��/ FEM$ 
� �0� �+, 1�

Fig. 6� Table 18 9:; xyU �L �Ú�� �~d y |J� W

�G� ��, 	 �V, %j= yY�¤
 Ðl2 9:; ��� yY

�¤
 =$8 ��( �V, %j$ �M� Ù�� *ï S ��4�

2 r s�.

Fig. 7� xyU 200 kg/t-p �LW �VÀ 60, 80, 90%� à e	8(

y|J?T� 9:; ���. l��[ �Ú��� xyU
 Lj$

75µm, þj$ 1,000 kg/t-p! ��� MË�. �VÀ =$8 ��( Q

²³?
 0�8( U 5%~j
 y|J¤ 5V$ sV�. e%�8

(j 1 m~j
 y|J &�
 5V$ sV�. e� ��h8( y


�j$ ð��� 9:	� �� �aD8 
5 y[� WE2 �:M

m X5 �8 �!5 ��� ��d�.

Fig. 8� y
 þj ¥�8 �� e	 y |J ?T� 9:; ���.

l��[ �Ú��� y Lj$ 0.5 mm, y
 Y�¤� 0.88 kg/m2/sÙ

ï8 ,�( l�MË�. y
 þj$ ¥M� Ùï� xyU ,Y y�

B�9 flux�2 �Li à��. y
 þj=$8 ��( e	8( y

|J �j$ %c =$Mm� ¿�9 Q² ³?/= e%8( y|J

²h
 %�$ U  ZSm� Ù�� 9:	� s�.

Fig. 9� xyU 150 kg/t-p �LW �VÀ 60% �Ú8( xyU Lj

� y |J ?È2 9:	� s�. Ê{ �� Lj! 75µm8( 0.5 mm

� Lj$ [m� Ùï 0�8( �j$ 10%�? =$M� �� 2 r

s�. e%8(
 y |J &�j 1 m�? =$M� ��� 9:>�.

�¸ ��aõ,2 ��( ³?/ /y8 y� ��� W�M� ��

2 r s�. Lj$ 1 mm! xyU� �L\ Ùï Q²³?/8 y�

j$ 25% �?! o�<¤ ²h� �pGS 0�8( $I� � �

¦�i ��� ��d�. ��( xyU Lj Ðî� ����8( $

K TvMc Ðî�Î i !¡! �� 2 r s�.

Fig. 10� �VÀ 60%, Lj 75µm
 xyU� �L1 150 kg/t-p8

( 300 kg/t-p�� =$W�� Ùï e	8( y
 �j y32 �F M

Ë�. xyU �L¤ =$8 ��( e0�8( U 3%
 �j$ =$

MË�9 e% ?È ¥�8 1M* �î %m ¿ô�. e% Ùï y�

500 cgas–( ) cgas
500
-----------× 1

3
--- 2

30
------ cgas PCR 1 η–( )×+×+×

 
 
 

 8500 86400⁄ 34⁄ 0.3925⁄{ }×

Fig. 5. Difference in −−−−3 mm size fraction with various PCR, lance con-
figuration and oxygen enrichment at tuyere level.

Fig. 6. The change of raceway depth and amount of fines generated
with PCR.
���� �39� �1� 2001� 2�
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� 101

on
��� ��$ %c ¥MË�. y |J W�Ý
 ��j Q² #��

$á]H×� 2 r s�.

Fig. 11� þj, Lj, y �L¤
 ��� �� 1`5 ���( Lj

75µm, y Of¤ 0.66 kg/m2/s(xyU 150 kg/t-p2 �ü�� �VÀ

80%W yY�¤8 �ú), þj 1,000 kg/m32 �ü�� 1` ÷øMË

�. þj$ 7,000 kg/m3� ¥i Ùï e0/8(� �
 ¥�$ ^�9

e%8( y |J ²h
 %�$ =$G� �� 2 r s�. Lj2

1 mm� =,W�� Ùï e0�8( y�j ¥�= 4´ e%8( y

|J ��
 ?n� ��}mc 9:9� �� 2 r s�. yY�¤


=$j Lj=$8 �� y |J¤
 ¥� ~j8� x�m XM9 ?

ú5 ��� x�� �� 2 r s�.

Fig. 12� �~d �V, %j= 2Ö@ FEM�� l�d �V, %j

=
 Ðl2 9:; ��� � Ù�� *ï S ��M� s×� 2 r

s�9 Ü,�8( ?ú5 Ö�2 9:	� s�. 	 �� 1.6 m348

( �V, %j A~� 1`J ~�M9 %j$ *ï _�9 $ Ùï8

� ?ú5 Ö�2 ·�� s�. ��� r��B� �5 Q`2 9a  

 � U 50 cm�( �V, u�2 ~�¸ #FM� b8� U  B �

�� ��d�. �5 ��� 
 ��� �:Mm XM* e%?È$

Fig. 8. Calculated 2-D fines accumulation diagram in BF.
(a): at ρ=1,000 kg/m3, 0.5 mm size, FIR 0.88 kg/m2/s, η=60%, (b): at
ρ=3,500 kg/m3, and (c): at ρ=7,000 kg/m3(FIR: fine injection rate,
η: PC combustion efficiency, ρ: fine density).

Fig. 9. Calculated 2-D fines accumulation diagram in BF.
(a): at η=60%, 75µm size, PCR=150 kg/t-p, ρ=1,000 kg/m3, (b): at
0.5 mm size, and (c): at 1 mm size(PCR: coal injection ratio, η: PC
combustion efficiency, ρ: fine density).

Fig. 10. Calculated 2-D fines accumulation diagram in BF.
(a): at PCR=150 kg/t-p, 75µm size, η=60%, ρ=1,000 kg/m3, (b): at
PCR=200 kg/t-p, and (c): at PCR=300 kg/t-p(PCR: coal injecti
ratio, η: PC combustion efficiency, ρ: fine density).

Fig. 7. Calculated 2-D fines accumulation diagram in BF.
(a): at η=60%, 75µm size, PCR 200 kg/t-p, ρ=1,000 kg/m3, (b): at
η=80%, and (c): at η=90%(PCR: coal injection ratio, η: PC com-
bustion efficiency, ρ: fine density).
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om-

9).
��G�9 -bG� Ùï �aD
 � E y cJ¤ 
 ?����

�:Mm XM* �8 �� y |J¤
 ?n�� WE2 [,� ��

Mm X5 �8 �!5�� ��d�.

5. � �

(1) 
+�8( FEM8 
� $I g ̈ �y3 #F= y
 �j8 Ð

5 ªÁ�� ÂÕWd( ��	 y
 �\� S #Fi r sV�.

(2) xyU �¤ �LW �VÀ� 20% 5VM� �·� Lj$ 1 mm

� =$M� �8 
� y |J �� g �j8 %c ��� x�c d�.

(3) yY�¤8 �� �V, %j ¥� ª��E r�#F8 
5 -

��� �V, %j$ *ï %�9 J� Ùï2 [7M�� S ��M

Ë�.

(4) y�j$ &� mh� Q²³�E e%	�( 20-30%2 9:�

�. ��aõ,= ��aõ, ³? 0/8(� 10-20%
 y �j2

9:��.


���

di : diameter of i [m]

ek, p : repulsion factor [-]

Fr : Froude number [(Ug/eg)/(gdp)
0.5]

Fi, j : interacted force between i and j [Kg/(m2s2)]

Gi : mass velocity of phase i [Kg/(m2s)]

gc : gravimetric conversion factor [1N/Kgf]

g : gravimetric force [m/s2]

Ht : total hold-up of powder [Kg/m3]

Hd : dynamic hold-up of powder [Kg/m3]

Hs : static hold-up of powder [Kg/m3]

P : pressure [Pa]

Rk : momentum through collision of powder [Kg/m3]

Re : Reynolds number [dpUgρg/εgµg]

Ui : velocity of i [m/s]

2345 67

β : correction factor of repulsion angle

εkg : voidage of powder

εg : voidage of packed bed

εk : volume fraction of powder in packed bed

ϕI : shape factor of powder

µi : viscosity of i [Kg/(ms)]

ρi : density of i [Kg/m3]

897

p : coke in blast furnace

g : gas

k : powder
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Fig. 11. Calculated 2-D fines accumulation diagram in BF.
(a): at 75µm size, FIR 0.66 kg/m2s(η; 80%), ρ=1,000 kg/m3, (b):
at ρ=7,000 kg/m3, (c): at 1 mm size, and (d): at FIR 0.88 kg/m2s(η;
60%)(FIR: fine injection rate, η: PC combustion efficiency, ρ: fine
density).

Fig. 12. The measured and calculated raceway depth with PCR.
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