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 � �

��� ��(pulverized coal injection; PCI)� �� 	
� � �
� �����. �� �� �
�� �
� ��� ��

�� ��� ���  ��!� "#$� %&'(� )��*, ��� +,,-� ./� 0�. %&1 �&� '( 23�

4 �&5� ,6�7 89� �:; <=>?@ A>?� BCD; �� 	
 E,F� G;H�I(Finite Element Method;

FEM)� JK��, LMN� OPQ BC� >R S�I(Forward Euler Method)� JK�T UVWN�X�. ���� ��

 �1 "#$� %&'()�7 BY ZR5 	� [\]�� ^��!� �� 	
� _��  ����7 `��7 ab

�X�. 2cd "#$� %& '(  �� ef �� �
 _�g  ��h�. i� 8W, ���� ��  �7 ��� >

& jk_�� )��!�, ��� lm� %&'(� ^��* nop qr 
s� �&_�� ,t���. uv� LMN

� �Dwxi � ��
�� yz C{|� nop��7 }z d~��. 2 �@ �Dwx�� �i�  ��T %&'(

@ ��� ,-� d� ./� ���.

Abstract − A pulverized coal injection increases the accumulation of fines in a blast furnace. The accumulation of fines in the

lower part of the blast furnace diminishes the size of the raceway depth and gas flow into the deadman and, as a result, affects

the steady state condition of the blast furnace. The state of the blast furnace, which depends on the gas and solid flow, chemical

reactions, mass transfer and heat transfer, is numerically analyzed using a FEM (finite element method). But the ore reduction

index model, which estimates the chemical state of ore in blast furnace, is made using Forward Euler method. The decrease in

both the size of the raceway depth and the gas flow into the deadman results in increasing pressure drop and lowering the aver-

age temperature in the blast furnace. However the reduction of gas flow into deadman affects in only the lower part of the fur-

nace, but the diminution of the raceway depth decreases the average temperature in the entire furnace, even though the solids on

the upper raceway become hotter due to increasing gas flux through the raceway. So, the melting position is lowered in axial

direction at center of blast. As a result the length of the cohesive zone is shortened to give permeability resistance on the gas

flow and to make the furnace operation unstable.
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�  ! 4 �
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�� D
 *E� ��� *F<G, ��� �H<G, ��./ ��

�� I?J, K*./ LMN�� I?J, 9O� ��@. PQ RS

%& !� TR. �U I?J� VW?J. XA' Y' Z[ 2\

] ���^ "#$� �� D
 3�
_, �S`ab(cohesive zone),

cde(deadman), ��b(raceway) f� �g.G XA' Y� hN�

ijk lC. 
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5`q� �S `a�� ��� rs' t� XuN�, � 
p� ��

� `ab v�. wx�� ���@' ���� �y�z nC. 98

/ �S`ab� {�o �|}AN� {�W�~ ��� rs}A.

bU ���@� �|��� �k/ �� ?�� ��rs� &���

�, ��n ��rs� �G
_. XA' ��/ ��� 	�' �?

��� hN� ijk lC. P]/ �S`ab� �E� ��� *E

� ���� ��-�o nC. ��b� �� �
� ��� �� �<

���� o�� �y.��. �� �	�� �yN�, ��� I&o

�o 6���/ ���� ���� "#$  !. ��U %&o�^

I' �	�� �� ?�. ���� �� ��U ��C. cde� �

� �
� ��./ VO�(S �) �So �� ¡Oz :�¢� ��

�£¤�, ��rs' �S�� �S`ab� �	. XA' ¥C. �

��^ "#$� �� D
 3� 
_� �S`ab� �	 Z[ 2\

] �� *
� �G,  !	
� g	.G XA' ¥C. �¦§ ��D


� ¨©U �gª� *�XA' �� hN� ijk lC. 

�«z ¨©U �� D
 ¬*' ���� ­�� ®� ¯,�ª�

�°�±N¢ �hª� ²��� �³� U´�, �� D
 ¬*' �

 �- µ¶� �·�N� pv��� �� ��o ¸¹�� lC. �º

U »D���� ¼ f[1]� ��� &��N� ½¾ �%U 4 orthogonal

collocation}¿N� �·�$�ÀNÁ, 9 �4 � f[2]� ���G^

g	, ���G, ÂÃ
_^ "#$ %& !' ¾¬�� �=ª' �

Ä�� �·�$�À�, ̈ ©U �g� o¸ ��� �$��c.� Å

U��¿(finite element method; FEM)� �Æ�C� �3�ÀC. »Ç�

���� Yagi f[3]� ÅU��¿. �� ��� o�rs� ��^

��� I?J' 2È&�N� �$�À�, Ép Takatani f[4]� blow-

in/off�?. PQ ��� y� (yª' �·�$�À�, �� D ÂÃ

H�^ �³Ê f' É�S��� bellŷ  LË�  ÌÊ. PQ ��

�E. b�� ���ÀC.

?Í´�N� ���Îg. v5�� HÏ�Ð� �RÑ�^ oÒ-

*N� -��, �� gÓ��./ �o �³- ���� v5Ô' Õ

�� Ëo Ð;N� b·�� LÃN� ¤
Ð' �� �
./ |Ö

���� lC. ¤
Ð ��(pulverized coal injection; PCI)� 56� �

R&o� ×ÑØ � l�/ 9 Ù' ÏÈ Úo��� l� Û��C. 9

º¢, ¤��n ¤
Ð� :
o �� D
. Ü��z ��, ����

�B�Ý� {�Þ. P] �� D ���� ßà�Ì� Ñ��z n

C. áâ, �� �
� ¤�� ¤
Ð Ü�� ���� 3�Ô� 9 �

Ì Ñ�^ 2ãº �� �
� ��	' £ä åS��Á, ��b� �

G� Ñ��� �� gÓ. åXA' ¤·z nC. 

PCI. bU »D���� � f[5, 6]� �� DÇ
./ æ�U 


� PCI. PQ 
� Ù� ���. �� �ç 
� Ù' 
O�� �

ÔS�À�, Oxy-coal5 ��è é�� v5�� ¤
Ð� ��	' �

6���� �ÀC. 9º¢ �ºU ¤
Ð Ü�� �� D
. ¤·�

XA. bU �·�- �� �y� 2| ¤¤U Û��C.

ê ��./� ¤
Ð ��N� -U ��b �GÑ�^ cde ��

rsÑ�o �� D
� �**E�S. ¤·� XA' gv�ÀC. �

� �y<G^ �� �y<G� KK Ergun=N�
m ��ÂÃ� �

�<G _ëì' ��� K _ëì� �+� ��� ´R�À�, ��

�G, ���G^ K ��	
� íG� ���^ "#$  !' µî

�jU .����=� VW��=' v5�� �·�$�ÀC. 

2. ��� �	

2-1. �� ��

��� Ì´� Fig. 2̂  ��, *
� ��@� ¾�, �
� 56�

,6� ï�� �ß��, ½ð� Ü��, �ð� LM� ��b Ì´�,

ñ��ÀC. ´ D
.� ���^ "#$� @@� ò�l�, AB�

ró� ��^ ��Ý.� S  !� I?J� �ô���, LM� L

Ë./� õK� 56Å,. �U I?J� :�öC.

2-2. �����

�� D
� ¬*� ��^ ��� rs, ��^ ��� .����,

��	
� VW�� ÷ "#$� %&ø� K� ¢ù�/ Cú� �

� µ�S�ÀC.

2-2-1. ��*� rs 

�y*./ ��� �y<G� ��. Ê�/ �� �û� ��� �

y<G� ü���, >¸@./ �5�� Ergun=' CÈ&N� T3

�� v5�ÀC[3].

 (1)∇– P= f1 f2 Gg+( )Gg

Fig. 1. Schematic diagram of a blast furnace.

Fig. 2. An example of size and element mesh of a blast furnace.
���� �40� �2� 2002� 4�
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��/ �C. P� ��ÂÃ,

Gg� �� WÔ ýþ�, ρg� �� ÿG��, µg� �� ÏG�C. dpm,

εm, φm� KK VW0�o m- �� ��� �Ì, ���� �*´�

�C. = (1)� ��� :
� = (2)̂  �� �� rs Ë�(ag)N� �

��� = (3)� nC.

(2)

(3)

= (3). ¤
(divergence)' �U =' S1�] �C. 

 (4)

2-2-2. ��*� rs 

��� �y<G� ��<G _ëì� �+. Ê��� �HUC�

o�UC[7].

 (5)

 (6)

��/, ψ� �� <G _ëì, as� �� rs Ë���, � ��

WÔ ýþ��C.

2-2-3. .�� ��^ VW��

.�� ��=� ��*� ��*N� ¢ù� µ�S��, ��*�

���^ "#$' _�UC.  !� ��*./[ :�öC� o��

� ��*� .�� ��=.  !I' _����, ��^ ��v�.

� *Ý I?J' �jUC.

 (7)

(8)

��	
� VW��=� S  !. �U �	� ��' �jUC.

i=5-9 (9)

��/, 

��/, T� �G, D� I?GG, D� �� 	
� TR´�, hgs� �

�^ ��Ý� I?J´�, Cp� I5Ô, ∆H�  !I, � S  !

<G� �¤��, N� Table 1 �./ ����  !0�(reaction

number)�C. 	U Y� ��	
� 
ø�Á R� ��*��C. 

2-2-4. "#$ %&ø 

����� ¾�N�
m ��N� ̧ ¹�� "#$ %& !� Table

1� �� "#$ �G 848 K �*./ �"#(hematite; Fe2O3), �"#

(magnetite; Fe3O4), wustite(FeO) 9O� "(Fe)
N� �´�� %&�

� ª�o(¢, �G 848 K ��./ �"#, �"# 9O� "
N�

%&nC. "#$ %&� K ���  !Ô. �� �� *
./ �


� Ü }AN�[ �SUC� o���, Table 1� N=3/4, 5/6, 7/8  !

� K "#$ %&ø(FH)� = (10)� �� ¢�
 � lC[2, 10].

H=10-12 (10)

��/, FH,H=10-12=FM, FW, FF

��/, V� "#$ 1�� %&  ! <G, Go� "#$ WÔ ýþ�

�C. XH� �"# 1 kg %&� K H%&�´./ ��k ¢Ý R��

kg-atom��C. 98/ Table 1� N=3/4  ! �´./ XM� 2.087×10−3

kg-atomO/kgFe2O3
o nC. 9O�, "#$�G 848 K �*./ N=5/6

�´� XW� 1.6835×XM kg-atomO/kgFe2O3
�Á N=7/8�´� XF�

6.3165×XM kg-atomO/kgFe2O3
o ��, "#$�G 848 K ��./ N=9/

10�´� XF� 8.0×XM kg-atomO/kgFe2O3
o nC.

�� %&ø(TF)� 848 K �*./ TF�0.1111 FM�0.1871 FW�0.7018FF
��, 848 K ��./ TF�0.1111 FM�0.8889FF�C. P]/, "#$

��o �?â %&��, K �´� %&ø� µî 1� ��, �» ��

%&ø� 1� nC.

2-3. 	
��
� ���

= (4), (6)-(9)� 9� ¤
}�=( ). o���( : weighting function)

� ��� ´� ?�Ý(Ω). b�� �
�� Weak form- = (11)�

nC. �� o���� ���� ��¸ Ì´./� X(zero)� �� µ

� ���. ��UC.

i=1-9 (11)

�� ª�, "#$��. ���� ��� .����=(S4). b��

���N� ¢�D� ��. Table 1� N=3-10� "#$  !=� =

(12)̂  �� ¢�
 � lC.

i=6 if N is odd 

i=8 if N is even (12)

= (11)� 2́  ¤
' _�U �. divergence theorem( )

' �5�� = (13)� �C. 

f1=150
1 εm–( )2µg

φmdpm( )2εm
3 ρg

----------------------------------, f2=1.75
1 εm–( )

φmdpmεm
3 ρg

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

ag=
1

f1 f2+ Gg

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

ag– ∇P=Gg

S1=∇ ag∇P–( )⋅ −∇ Gg⋅ =0

as– ∇ψ=Gs

S2=∇ ag∇ψ–( )⋅ −∇ Gs⋅ =0

Gs

S3= Dg–
∂2Tg

∂z2
----------- 1

r
---+

∂
∂r
----- r

∂Tg

∂r
--------- 

  +Cpg Gg z,

∂Tg

∂z
--------- Gg r,

∂Tg

∂r
---------+

hgs–
6 1 εm–( )φm

dpm

--------------------------- Tg Ts–( )=0

S4= Ds–
∂2Ts

∂z2
---------- 1

r
---+

∂
∂r
----- r

∂Ts

∂r
-------- 

  +Cps Gs z,

∂Ts

∂z
-------- Gs r,

∂Ts

∂r
--------+

hgs–
6 1 εm–( )φm

dpm

--------------------------- Tg Ts–( )+ ∆HN–( )∑ ℜN=0

Si= Di– P
RTg

----------
∂2Y i

∂z2
----------- 1

r
---+

∂
∂r
----- r

∂Y i

∂r
-------- 

  + Gg z,

∂Y i

∂z
-------- Gg r,

∂Y i

∂r
--------+ + ℜN∑ =0,

Y i , i=5-9=YO2
, YCO, YCO, YH2

, YH2O

ℜ

SH=
dFH

dz
---------=

6 1 εm–( )

πdpm
3

---------------------
ΣVN

GoXH

--------------,

S W

 ∫ Wi Si⋅( )dΩ=0,

ℜN=
6 1 εm–( )

dpm

--------------------- P
RTg

---------- 
 ko N,

EN

RTs

--------- 
  Y i

Y i+1

Ko N, EN′ / RTs( )exp
---------------------------------------------– 

  ,exp

∇
Ω∫ fdΩ= f n⋅ Γd

Γ∫

 ∫ W4 S4⋅[ ]dΩ=
∂W4

∂z
----------- Ds⋅

∂Ts

∂z
--------+

∂W4

∂z
-----------1

r
---Ds r

∂Ts

∂r
-------- 

 ∫ dΩ

W4 Ds⋅
∂Ts

∂z
--------+W4

1
r
---Ds r

∂Ts

∂r
-------- 

 ⋅∫ dΓ–

Table 1. Chemical reaction and kinetics

Reaction 
number 
(N)

Reaction Kinetics

1/2 C(s)+CO2(g)/H2O(g) 
→ CO(g)+CO(g)/H2(g)

i=7, 9[6]
3/4 3 Fe2O3(s)+CO(g)/H2(g) 

→ 2 Fe3O4(s)+CO2(g)/H2O(g)

i=6, 8[2]5/6 1.188 Fe3O4(s)+CO(g)/H2(g)
→ 3.752 Fe0.95O(s)+CO2(g)/

H2O(g)
7/8 Fe0.95O(s)+CO(g)/H2(g)

→ 0.95 Fe(s)+CO2(g)/H2O(g)
9/10 0.25 Fe3O4(s)+CO(g)/H2(g)

→ 0.75 Fe(s)+CO2(g)/H2O(g)

ℜN=
146.3 1 εm–( )kNPYi

dpm Tg Ts+( )
-----------------------------------------------, 

VN=πdpm
2 kN

P
RgTg

------------ Y i

Y i+1

KN

----------– 
 

ℜN=
6 1 εm–( )

πdpm
3

---------------------VN, 
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 (13)

��/, Γ� ´� Ì´� �¤UC.

´� ÅU�� ×ÏN� ¢ù�, K �
Ï./� o���^ ¤��

�� ×Ïª v�./ �Ý �< ��- �Ý��� D��� v5U

C. �Ý���� Lagrange �1È ��� v5UC. �� o���^ ¤

���� y:U �Ý��� v5�� Galerkin¿� nC. ´� ? ×

Ï' η] �� ´� Ì´. ­·U ×Ïª �./ i=� Ì´g��

Dirichlet Condition(Γg,i)- ×Ï' ηg,i] ��, o���� 6�g�.

��� Cú g�[ =0 on ηg,i]� 	ÄnC. P]/ �Ý �< o�

��(Wh)̂  ¤���(uh)� Cú� �� ¾�nC.

 (14)

 (15)

��/, 

��/, NÂ  CA� A×Ï./� �Ý��^ *���, NB, dB̂  gB�

KK B×Ï./� �Ý��, ¤��ª^ ���ª�C. = (13). =

(14)̂  = (15)� b��� Fig. 3� Ì´g�ª' �5�� = (16)-

(18)� �� ¤��� �( )� ���� �( )N� ¾¬Ø � lC[8].

 (16)

    

  

  

  

  

+  on 

(17)

��/, 

,

,

, 

,  and inside nodes

,

,

, 

,  and inside nodes (18)

��/, U� �� I?J ´��Á Tw� Tb� KK LM� LË56

� �G�C.

2-4. Newton-Raphson Method

= (16)' 6�S�� = (19)̂  �� ¢�
 � lC. 

 (19)

q�. �� o��� � ��, = (19)� ���� Cú� �C.

 (20)

= (20)'  �/ � �U Cú, � ����, = (20)

� ��� !5"È#­ �Do $ �%�  ¨ ´RUC.

2-5. ��� ��

= (10)� ?¸ È
¿(Forward Eular Method)N� & *
./ 3�

�� "#$� %&ø' q�g�N� ��, "#$ ��./ �	n

CO2̂  H2O� '��
m ²�¸ %&n R�� kg-atom�� ����

+ W4 CpsGs z,⋅
∂Ts

∂z
--------+W4 CpsDs r,

∂Ts

∂r
--------⋅∫ dΩ

+ W4 hgs⋅
6 1 εm–( )φm

dpm

--------------------------- Tg Ts–( )∫ dΩ

+ W4  
N

∑⋅ ∆HN–( )
6 1 εm–( )

dpm

--------------------- P
RTg

----------ko N,

EN

RTs

--------- 
 exp 

 
 
 
 ∫ dΩ=0

Y i

Y i+1

Ko N, EN′ / RTs( )exp
---------------------------------------------– 

 
 


 

dΩ=0

W i
h

Wi
h=  

A η ηg,i–∈
∑ NACA i,

ui
h=  

B η ηg,i–∈
∑ NBdB i, +  

B ηg,i∈
∑ NBgB,i

u= ui{ }= P, ψ, Tg, Ts, YO2
, YCO, YCO2

, YH2
, YH2O{ }

KA4B FA4

 ∫ W4 S4⋅[ ]dΩ=KA4B+FA4
=0,

KA4B=  ∫
∂NA

∂z
---------- Ds⋅  

B η ηg,4–∈
∑

∂NB

∂z
----------dB,4

 
 
 

dΩ

+  ∫
∂NA

∂r
---------- 1

r
---Ds⋅  

B η ηg,4–∈
∑ r

∂NB

∂r
----------dB,4

 
 
 

dΩ

+  ∫ NA CpsGs,z⋅  
B η ηg,4–∈

∑
∂NB

∂z
----------dB,4

 
 
 

dΩ

+  ∫ NA CpsGs,r⋅  
B η ηg,4–∈

∑
∂NB

∂r
----------dB,4

 
 
 

dΩ

+  ∫ NA hgs

6 1 εm–( )φm

dpm

---------------------------⋅  
B η ηg,4–∈

∑ NBdB,3
 
 
 

dΩ

−  ∫ NA hgs

6 1 εm–( )φm

dpm

---------------------------⋅  
B η ηg,4–∈

∑ NBdB,4
 
 
 

dΩ

+  ∫ NA  
N

∑ ∆HN–( )  
B η ηg,4–∈

∑
6 1 εm–( )

dpm

--------------------- P
RNBdB,3

--------------------ko N,

EN

RNBdB,4

-------------------- 
 exp 

 
 
 
 

⋅

NBdB,i

NBdB,i+1

Ko N, EN′ / RNBdB,4( )exp
--------------------------------------------------------– 

 
 
 





dΩ′ LA4B A η ηg,4–∈

LA4B=  ∫ NA CpsGs⋅  
B η ηg,4–∈

∑ NBdB,4 
 dΓtop on  A Γtop∈

LA4B=  ∫ NA Usw⋅  
B η ηg,4–∈

∑ NBdB,4 
 dΓwall on  A Γwall∈

LA4B=  ∫ NA Usb⋅  
B η ηg,4–∈

∑ NBdB,4 
 dΓbottom on  A Γbottom∈

LA4B=0 on  A Γcenter∈

FA4
=−  ∫ NA CpsGs⋅  

B η ηg,4–∈
∑ NBTsIN 

 dΓtop on  A Γtop∈

FA4
=−  ∫ NA Usw⋅  

B η ηg,4–∈
∑ NBTw 

 dΓwall on  A Γwall∈

FA4
=−  ∫ NA Usb⋅  

B η ηg,4–∈
∑ NBTb 

 dΓbottom on  A Γbottom∈

FA4
=0 on  A Γcenter∈

KA4B do( )+
∂KA4B

∂d
--------------

do

∆d+FA4
=0

do

∂KA4B

∂d
--------------

do

∆d KA4B–= do( )− FA4

∆d do=do+∆d

Fig. 3. Boundary condition of a blast furnace.
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*
 ×Ï� %&ø. ù��� �
 ×Ï� %&ø�' ´R�ÀC.

3. 
� �


3-1. 	
��� 

ÅU��(� Fig. 2̂  �� ��� ÛÎ���, ï�� LË� ,6

� )*�
m �� 3�V� É*�- 29.5 m�, D
 Ì� LË./

6.7 m, belly./ 7.2 m, *
./ 4.8 m�, ñ��� ��b� ��.

P] 1,231-1,233� Ò�Ï� 1,144-1,148�� ��� �	�ÀC.

3-2. ����� ����� ��� ��

K ��� ��;B, ������^ ��Ë�. PQ +],�ª�

Cú� �� ñ��ÀC. -Ë D
��� �z ���@� "#$@N

� ¢ù±C. ���@� �Ì� ÛÎ �� D
^ Åv�z ñ���

�� *
./ �S`ab .@%�� 50 mm� y:�z �À� �S

`ab 28./ ��ï�%�� 50-20 mm� f ÝÒN� ÏÈ Ñ��

/NÁ 9 28� 20 mm� :��z î±�, ���@ � cdeXu�

���� �Ì� 0¹�� ��	' JO ���ÀC[9]. "#$@� �

Ì� µî 19.1 mm� :��z î±�, 9 � �S`ab Xu� ��

	' JO ���ÀC. K ��. ��n +],�ª� �� rs, S 

 ! ÷ *Ý I?J f� ´R�. 5��z v5Ø � lG~ Table 2

^ �� K ��. VW0�(material number; m)ª' 
��ÀC.

3-3. ��� ! "��#

���^ ¤
Ð� CO2̂  H2O Z[ 2\] O2̂ G  !UC. 9º

¢ ��./ ��n O2� ��b D
./ µî CO�  !U hN� o

���, ��� �� !� Table 1�  ! N=1/2[' �j�ÀC. 9O

�, "#$  !� ���G^ "#$ %&øª. P] Table 1� N=3-

10  !ª �./ 6��� :�¢G~ ´R�ÀC[10]. 98/ ê ��

./ �jU �� 	
ª� �� 	
ª� Table 3� ��, � � W�	


� 
ø� ´Rn CQ �� 	
 
ø� ÆN�
m ´R�ÀC.

3-4. $�%&

��� Ì´g�� Fig. 3. ¢�D±�, Ì´g�. ��U �ª�

56(pig) �RÔ 8,800 ton/day� �¥N�U ÛÎ gÓg�- Table 4

�
m ´R�� Table 5. �~�ÀC.

��� �� 5,947 Nm3/min, R� 17,000 Nm3/hr̂  1Ý� �
� G

��� � � R�^ �
� ��b D
./ µî  !UC� o��

ÀC. 98/ ��b Ì´./ ��� � G�<G� 177.418 kg/seco

nC. �� D
� ���� ��Ô� y:�G~ ��b Ì´./ Â

Ã� Ûð�- 3.50×105Pa' v5��, �� *
� ÂÃ� g×�ÀC.

"#$� q< 166.53 kg/sec� ���Á, ���^ ¤
Ð' ÆU �

³��Ô� q< 51.78 kg/sec� �� 56 1 ton� �³ 508.2 kg� �

�' �¤UC. 98/ ��� � 3�<G� 218.31 kg/seco ��/

�� *
./ �� 3� ýþ�� 3.017 kg/m2seco ��, ��b Ì´

./� ��<G _ëì' XN� î±C.

���G� ��b Ì´./� 2�n 1 2,300 K� v5�À�, ��

*
 Ì´ �*./�  !. �U �	 	� ���� I� 3� 4�

� Î(�� IÔ� 3C� o��� ��I<� X(zero)- L�[ Ì

´g�' v5�ÀC. ���G� �� *
./� *�- �� 3�<G

. �U I?J� :�¢� ��b Ì´./� �G �+o X- Dankwert’s

condition' �5�ÀC. 9O�, LM� õK�� ��Ý� :�U I

Ô� Î(��, �� �
./� 56Å,. �U I?J� :�¢û�,

��^ �� µî �� I?J ´�� v5�� ´ Ç
� I?J� �

ô��G~ ñ��ÀC. �� 	
� 5/ ñ6U 7^ �� ��b D


� G�n R�^ �
� µî  !U hN� o��� ��b Ì´

./� �' ´R�À�, �� *
./� íG �+o X(zero)- L�

[ Ì´g�' �5�ÀC.

3��� "#$� 58.6%� Fe2O3̂  25.3%� Fe3O4� �Å�� l

NÁ, ¢8�� µî 9
V� o��� �� *
./� "#$� q

� %&ø' ñ��ÀC. 

3-5. ��!�

? ́ R��' Fig. 4. ¢�D±C. �6 q�� ��<G( ) �

' 4�� ����, = (2). ��/ ag� �U Cú, = (4)'  �/

K ×Ï./� ÂÃ' ��ÀC. � ÂÃ�� K }A. bU ¤
�'

��� C� = (3). �� ��D
� �
Ï./� :�� ��<G

( )� ´R�ÀC. �«z ´Rn ��Å<� �;g�(

)� !5"È #­ �Do $ �%� �' 

�N� v5��  ¨ ´R�ÀC. ��<GG = (6)'  �/ ��<

G _ëì' ��� �h' ¤
�� = (5). �� ��D
 �
Ï.

Gg,old

Gg,new  
i

element

∑
Gg,new

i
Gg,old

i
– Gg,new Gg,old

Table 2. Computational particle parameter of element

Bed 
Material 
number

Position
Diameter 

(mm)
Void 

fraction
Shape 
factor

Cokes 1 Centeral column 50 0.45 0.90
2 Top-cohesive zone 50 0.43 0.90

3-6 Cohesive zone-tyere level 20-43 0.43 0.90
7-9 Deadman 20-35 0.10-0.25 0.90

Ore 10 Cohesive zone 19.1 0. 10 0.84
11-12 Ore bed 19.1 0.20-0.36 0.84

Table 3. Species of gas and solid

Phase Gas Ore Cokes

Species CO Fe2O3 C
CO2 Fe3O3 
H2 FeO
H2O Fe
N2

 

Table 4. Actual operating condition

Operating condition Value operated

Blast volume rate
Ore
Cokes ratio
Pulverized coal ratio
O2

Pressure at bosh
Pressure at top

5,947 Nm3/min
144,388 ton/day
325.5 kg/ton-pig
182.7 kg/ton-pig
17,000 Nm3/hr
3.50×105 Pa
2.61×105 Pa

Table 5. Calculating data used

Boundary value Value used

3.017 kg/m2sec
3.50×105 Pa
2.6-2.8×105 Pa
2,300 K
0.396
0.000
0.047
0.000

GsIN

PIN

POUT

TgIN

YCOIN

YCO2IN

YH2IN

YH2OIN
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/� ��<G� ��ÀC.

I��=� VW��=� y� ´R�ÀC. �� <G�� �� <G

�� �¤ ��¸ K �
Ï� �' v5�À� "#$ %&ø� 4�

� o��� ´R' �<�ÀC. ���@  !� Table 1 �� N=1/2

 !' µî 6��À� "#$@  !� K ��=C ���G 848 K

�*./ N=3-8  ! �./, 848 K ��./ Table 1� N=3/4, 9/10 

! �./ "#$ %&ø. P] 6��À�,  !<G� ��=C �

�n VW0�. ���� ��� +],�ª' 6�n S  !=.

�5�� ´R�ÀC. ���G^ íG, 9O� ���G� !5"È#

­ �D� �;Ø �%�  ¨ ´R�ÀC. "#$� %&ø� �¤ V

W��=./ ́ Rn "#$@./ %&n R�� kg-atom�� Æ' =

(10). b��� ´R�ÀC.

´Rn %&ø' v5�� ���G, ���G, ��	
íG� ´R

��, C� "#$ %&ø'  ¨ ´R��, �G, íG, %&ø� µ�

���' !5"È #­ D� �;�/C.

´R' ­�� FORTRAN>�� v5�ÀNÁ, ��<G=, ��<

G=, I��=� VW��=� Newton’s method�  ¨ ´R�À�,

"#$ %&ø� ?¸ È
¿N� ´R�ÀC. µ� �;?G� 10−10

��� �ÀNÁ, ́ R�Ý� Kayak XA series 0503./ 20
 �G �

��±C.

4. �� � ��

���
./ ¤
Ð ��N� -� �� 3�V î@, A� g×, �

�b �G��, cde ��� f �º o� �-ª� �S�z nC. 9

� B XA' ¤·� h� ��b �G��^ cde ��� �S�C. 

4-1. '�( )* +�, -. /0 �� 12#3

��b �G�� �S. PQ �� D
 *E�S� �C�� ­��,

��b� ��� Ü }A� ��� 0.8 m� :��z ��  Ì}AN

�[ 1.49 m, 1.12 m, 0.75 m� K� ñ���, �� �
 ��� Fig. 5

^ �� �	�ÀC. 

Fig. 6� ��G�<G� 177.418 kg/sec� y:�z Å��À' �,

��b �G�� �S. PQ ��<G
_ ��ª�C. 9D� SE¾

o <G��� ¢�DÁ, Ï6N� ¾�U 

� F G 

� ��b

Fig. 4. Program procedure diagram.

Fig. 5. Element mesh around raceway of a blast furnace for varying
size of raceway depth in radius direction. 
[size of raceway depth; (a) 1.49 m, (b) 1.12 m, (c) 0.75 m]

Fig. 6. Gas velocity distribution for varying size of raceway depth.
[size of raceway depth; (a) 1.49 m, (b) 1.12 m, (c) 0.75 m]
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N� ��b Ì´./� ��<G� ��b �G��o Ñ��.

P] Úo�� h' i � l±C. �� ��b �G�� Ñ�� -U

��b ¾�� Ñ�. �-U h�C.

Fig. 7� ��b Ì´� ÂÃ� �� *
� ÂÃÈ(∆P=PIN−POUT)�

��b �G�� �S. P] ¾¬U 9DN�, ��b� �G��^

cde� ���� Ñ�Ø�~ ÂÃH�o Úo�� ��� ��¥C.

�� : �N� ��./ ��ÂÃ' 4×105 Pa� :��z �� ��

gÓ� ¤
Ð� ��' Úo�H. P] �� *
� ÂÃ' Ñ��

�I yÔ� ��� rsÔ' Å�Ø � lC� h' ��¥C.

Fig. 8� �� D� �� �G 
_� ��b �G �� �S. P]

¢�J 9DN�, (a)./� ��b �G ��o 1.49 m: �� 1,800-

2,000 K �u� L��( Ì 0 m)./ ï� }AN� 7 m �Ï%�-

 �, ��b �G ��o 1.12 m- (b)./� 1,800-2,000 K �u� L

��( Ì 0 m)./ ï� }AN� 6.3 m �Ï%�, ��b �G ��

o 0.75 m- (c)./� 1,800-2,000 K �u� L��( Ì 0 m)./ ï

� }AN� 5.8 m �Ï%�ÀC. K, ��b �G ��o Ñ��. P

] �� �
 ��N�� I?J� ¬Ëâ Ñ��À�, �� ?�� �

��Go L2�� h' i � l±C.

�ºU ÌA' M£ �T�z +å�� ­�/ ��b� �G ��o

1.49 m̂  0.75 m: � Fig. 8� L��( Ì 0 m)./ ï�}AN� �

� �GÈ(∆T=T1.49m−T0.75m)� �� Ü ï�. P] Fig. 9. ¢�D±

C. ��b �G ��� ��� *
�C �
. �z XA' �� h

' i � l±NÁ �� ��b �Go N2��/ ��b./ °�U

��� o�o ��D� ���� ­�/ Ë�' �z Yz ��c 9

�Åo l� hN� �KnC.

Fig. 10� ��b Ì´./ �� ��}A� ���G� T-�� �

�b� �G ��. b�� ¢�J 9D�C. ê �·�$� ��b Ì

´./ yÔ� ��o �� �G 2,300 K� G��±ú.G 9���,

��b Ì´. ­·U ���G� Ë��� hN� ¢�OC. �� ¤


Ð ��Ô� Úo�. P] ��b D
./ ð�U ���� �G

o Ñ��ÀC� PQ[6]� D5� :·�ÀC.

Fig. 11� �S `a� �<�� "#$�G 1,100oC 
p' T-�

Fig. 7. Pressure drop for varying size of raceway depth and void frac-
tion of deadman.
[void fraction of deadman; �: 0.25, �: 0.20, �: 0.15]

Fig. 8. Gas temperature for varying size of raceway depth.
[size of raceway depth; (a) 1.49 m, (b) 1.12 m, (c) 0.75 m]

Fig. 9. Difference of gas temperature at z-axial with 1.49 raceway depth
from that with 0.75 m.

Fig. 10. Solid temperature on raceway verge for varying size of race-
way depth.
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��, ���G 1,323-1,423 K �Ý' ¢�J 9D�C. �u� µÙ�

R� Xu- � �Ý� �	­·� ��b �Go Ñ��. P] Ü �

�
� �C �
./ �	�� LMð� �C *
. ­·�� hN

� ¢�¢, 9 Xu� {�o N2�� hN� ¢�OC. P]/ �S`

ab� "#$� ���G. P] �	�û� 9 {�� N2W hN

� �K��¸C. 9 &-N�� Fig. 6./ ��b �Go Ñ��. P

] ��b Ì´� ���� ��<Go �k ��b *
. ­·U �

��� I?J' Úo�S hN� �-C. ¤
Ð �� Úo� ¤
Ð

��ø 85% ��./� ¤�� 
� �� ��
. ò�/ ÛÎ 56

� 5` 789o LMTN� róz �� LM� �G� *F�� �

�� �6' �Ü�SC� PQ[5]� ��^ £9� ÛÎ ��./�

LMð� �Go UV ÚoØ hN� �K��¸C. 

4-2. 456 789:;< +�, -. /0 �� 12#3 

¤
Ð ��. �� :
 ¤�� ¤
Ð� �� �
� cde Xu

. Ü�W. P] cde� ��rs Ë�� Úo�z nC. P]/ c

de� ��rs Ë�. PQ �� D
� �S� EX�� ­�� c

de Xu� ���' 0.10-0.25� �S�� µv�ÀC. µ� g�./

��^ ��� y:U Ù' G��ÀC. 

Fig. 7./ cde� ��� ���' 0.25, 0.20, 0.15� Ñ��H.

P] �� D
� ÂÃH�� ��b �G��o 1.49 m� :�Ø �

KK 7.924×104 Pa, 8.003×104 Pa, 8.077×104 Pa� Úo�� 0.153×104

Pa �G� ��Ë�� °��' i � l±C. �h� ¤
Ð ��Ô'

200 kg/ton-pig� Úo�S Ì�, ��ø� 20% Ñ��� 9. P]/

���� Ñ��� ��	 Ë�� ÚoUC� ��[11]̂  ÊYU ÌA

' ���� lC. P]/ ê ����� ¤
Ð ��Ô Úb� ��	

Ë� °�&-' �ÔS�� bZ' =[��c Å5�O] �K��

¸C. 	U, Table 2� g�./ ´Rn �� *
./� ÂÃ� 2.684×
105Pa-2.708×105 Pa� ¢�OC. �h� �� *
./ ÛðU ÂÃ-

2.614×105 Pa� (� ÊY�z ¢�ONÁ, �hN�
m Fig. 7. ¢�

ö ��� �S. PQ ÂÃ \ÛÔ� ´R ��o ]^Ø � l� h

Fig. 11. Solid temperature between 1,323-1,423 K for varying size of
raceway depth.
[size of raceway depth; (a) 1.49 m, (b) 1.12 m, (c) 0.75 m]

Fig. 12. Gas temperature for variety of deadman’s air permeability.
[void fraction of deadman; (a) 0.25, (b) 0.20, (c) 0.15]

Fig. 13. Typical computational results of a blast furnace.
[size of raceway depth; 1.49 m, void fraction of deadman; 0.25]
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 +;
4' ���� lC.

Fig. 12� ��b �G ��o 1.49 m: � cde Xu� ���'

�S�� ´RU ���G 
_�C. cde� ��Å< Ñ�� ��

�� �
� ���G� �Ò�z Ë��ÀN¢ *
� �G.� (�

XA' �� _� hN� �-C. 9º¢ ���G� ���G^ CQ

ÌA' �ÀC. �� ï�}A 15 m ­·./ T-U �� ��� Ñ�

. P] ���G� �� ��ð� 1Ý Ë��� LMð� �G� �

` *F�� h' T-�ÀC. �h� cde Xu� ��rs Ë��

Úo�. P] LMN� °Jn ��o ���� I?J' Úo�S h

N� �K��¸C. �h 	U ��b [a ��� _�[ ���G�

�ã�� Ñ��� `ab� {�. XA' ¤b hN� �KnC.

Fig. 13� ��b �G �� 1.49 m̂  cde� ��� 0.25� ñ�U

´R��� ¢�D±C. Fig. 13� (a)./ �� �G� ��- ��<

Go B Ü ��
� ï�, õK� :�¢� LMð� *�â L2��

c  ��, (b)� ���GÌv� ���GÌv[a �� _c�, ��

�G� *
./ �
� ¸¹Ø�~ ï2dC. ��./ ��  Ì}A

N� 1.5 m. ­·U ��b Ì´./ ���G� 1,745 K�� ���

G� 2,299 K�±C. � ́ Rn ���G� PQ[6]./ ��U �� ­

·./ ���� Ûð�G 1,600-1,800 K� #­D� ��C. 	U ´

Rn ���G� ���G� 75.9%��, �h� : �N� ij¸ �

�b D
� ��� �Go ���G� 1 75%]� �·. pÖU �

�C[5]. Fig. 13� (c)̂  (d)� KK CÔ  CO2� íG 
_��, ��

*
./ ´Rn K íG� 1 0.20̂  0.19�/ �� gÓ� �� *


./ +,�� Ûð�- 23%̂  22%̂  ÊYU ÌA' �-C.

Fig. 14� ��b �G�� 1.12 m̂  cde� ��� 0.10� ñ�U

���C. Fig. 14� �� D� �G� Fig. 13�C Ñ��À�, áâ �

� �
./� �Go ¬Ëâ Ñ��� h' i � l±C. ���G 1

1,400 K� f�6./ �� ��T� �GÌvo Ñ��� hN�
m

��b �G^ cde ��� Ñ�o `ab {� Ñ�. XA' ¤b

hN� �K��¸C. 	 CO íG
_� �� *
� íGo Fig. 13�

C ge Úo�� hN� ¢�O� �� ���G Ñ�. P] *
.

/ COo�. �U "#$ %&Ô� ��¸ h. �-U hN� �K�

�¸C.

Fig. 15� ��b�G 1.12 m̂  cde ���� 0.15: �� ���


m  Ì}A� �G� T-U ��^ 9 ­·./� ÛÎ ð�·�

�ª' ÊfU 9DN� � g�./� ð�·� ´R·� 1 5% DÇ

� "È� o�� hN� ¢�OC. �g È�� ��� h� ÛÎ �

�./ ���� �Tâ ßo�� hU h. �-U hN� �KnC. 

5. � �

�� �
� ¤�� ¤
Ð Ü�N� -U ��b� �G �� Ñ�

^ cde� ��rs Ñ�o ��� �**E. ¤·� XA' �C

�ÀC. 

�� D
 ¬*ª� ��^ ��� rs 9O� K ��@. *��

�  !' �jU I?J� VW?J� µ�S�� FEMN� discretize

�� Newton’s method�  ¨ ´R�À�, "#$ %&øµ�� ?¸

È
¿' v5�� �·�� ²±C. ´R ��ª� ÛÎ gÓ ð�·

^ Åv�ÀC.


 Ü�. �U ��b �G �� Ñ�^ cde ��	 Ë�� µî

Fig. 14. Typical computational results of a blast furnace.
[size of raceway depth; 1.12 m, void fraction of deadman; 0.10]

Fig. 15. Comparison with the calculated and measured solid temperature.
[size of raceway depth; 1.12 m, void fraction of deadman; 0.15:
calculated, � ;  measured, −; regression of calculated solid temp.]
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Cp : heat capacity [kcal/kg K]

d : constant unknown 

dp : mean diameter of solid [m]

D : thermal conductivity [kcal/m sec K] 

D : diffusivity [m2/sec]

E : activation energy [kcal/kmol]

E' : activation energy at equilibrium [kcal/kmol]

F : reduction index of ore [-]

g : constant known

G : mass flux [kg/m2 sec]

hgs : heat transfer coefficient between gas and solid [kcal/kgmol K]

−∆H : heat of reaction [kcal/kgmol]

ko : Arrhenius pre-exponential factor [various]

Ko : equilibrium pre-exponential constant [-]

n : outward unit normal vector to the boundary

P : pressure [Pa]

r : radius coordinate [m]

R : gas constant

: reaction rate [kmol/m3 sec]

S : equation

T : temperature [K]

TF : total reduction index of ore [-]

u : variable

U : overall heat transfer coefficient [kcal/m2 sec K]

V : reaction rate of ore for each [kmol/sec EA]

W : weighting function

XH : kg-atom of oxygen removed from unit kg of hematite to H

state

Y : mol fraction of gas [-]

z : axial coordinate [m]

µ : viscosity [kg/m sec]

η : node

ε : void fraction [-] 

φ : shape factor [-]

ψ : solid velocity potential [kg/m sec]

Ω : domain 

Γ : boundary 

=>? 

b : bottom

c : cokes

g : gas

i : equation number 

IN : input

m : material number

N : reaction number

o : ore

OUT : output

r : radial direction

s : solid

w : wall

z : axial direction
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