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Abstract

Kinetic assessments for sintering process by numerical modeling
with the measured combustion rates of solid carbon sources and
Calcium-Ferrite formation in the sintered ore

Geun—-Yong Ryu
Advisor: Prof. Sun-Joong Kim, Ph. D.
Dept. of Advanced Materials Engineering

Graduate School of Chosun University

In general, the sintered ores were generated by mixing raw materials such as iron
ore, CaCO3 and solid fuels. The forming fraction of CaO based liquidus phases was
dependent on the mixing ratio of raw materials and temperature. In order to
improve the quality of sintered ore, it is very important to control the temperature
distribution of the sintering process. However, the controlling temperature for
sintering the iron ore is not simple because the complex reactions among the
combustion of cokes, the decomposition of CaCOs, the melting of CaFe;Os and slag
occurred immediately. The controlling temperature in the sintering process can be
conducted by simulation of the complex reactions. In this study, the formation
fraction of CaO based liquidus phases was investigated by changing sinter basicity
at 71423 K. In the experiment, when the temperature increased from room
temperature to target temperature, the atmosphere was controlled by the N, gas.
After reaching target temperature, atmosphere was changed to dried air gas and
then combustion of solid fuels has been carried out for 2 hours. The samples were
evaluated using EPMA and image analysis. Furthermore, we measured the
combustion rate of solid fuels which is one of the factors to determine the
temperature of the sintering process. In the experiment, when the temperature
increased from room temperature to target temperature, the atmosphere was
controlled by the (N,) gas. After reaching target temperature, atmosphere was
changed to dried air gas and then combustion of solid fuels has been carried out
for 2 hours. The numerical model of the sintering process was developed by 4th
Runge-Kutta method using combustion rate of solid fuels which is obtained from
the experiment. The distribution of temperature was simulated by the developed

model.
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Fig. 1.1 The cross—sectional situation of the charge layer during the

sintering process.
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Table. 1.1 The difference method used in previous studies.

Year Authors Finite Difference Method
Muchi, Higuchi (NSC)
1970 Tukamoto, Simada, Taguchi Forward FDM
and Higuchi
Hamada, Koitabahsi, and
1971 Forward FDM
Okabe (JFE)
1982 Nigo, Kimura, etc(JFE) Forward FDM
1984 | Kasai, Yagi, Omori Runge-Kutta method
9000 Ramos, Kasai, Kano, Adams—Moulton Prediction-Correction
Nakamura Method
SIMPLE algorithm
2012 Zhou, Zhao, Loo, Ellism Cen (Semi-Implicit Method for
Pressure-Linked-Equations)
2012 Castro Modified Ergus’s Method
Aspen Plus
2013 | Ahn, Choi, Cho(POSCO) (commercial flowsheep process
simulator)
- 8 -
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Al 1 A Heat balance of gas & solid

0T, .
Engthg:_ GquT;_ hAS(Tg —T)- G, (Mi”iRi ) (1

A 71A @Al #g Aotk oA AHgE e FFEIL, pE TF29
O~

a T * *
Ggq}a—zg: hpAS(Ts - Tg)_ G, ]:](MHCRC )_ Cng(MoacosncwosRCacm) (1-1)

A1-De AA Zdel A AEF A d5A 9l Aol Th

0T,
(1- E)PSCLW: hpAs(T,— T,

22 2A A w3k Aot

)+ 3 (— AHIniR) (2

dT,  h,A(T,— T+ Y (- AHiniR,)

a (1=e)p,(C,— fm(T;))

HE-De gA mdelA AHgF 1A D54 Holrh

an_(%)( R, j 3
ot Pe 471'7’2

(2-1)
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Fig. 2.2 The grid model used in this study simulation model.
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Table. 2.1 Symbols in this modeling.

Symbol Meaning Unit

€ Void fraction -

t Time S

z Height m

a Specific surface ratio m?%/m® bed

h i Ad A i/m%/s/K

G 7129 ol &= Kg/m?/s
Dg, Ds 7h29) aiAe] 2% Kg/m3
Cg, Cs b9k A9 ¥4 J/Kg/K
Ty, Ts 7} 29} aiAje] 2= K

- 12 -
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Al 2 A Mass Heat balance of gas

e AG)OE 714 2a #AE vehic,

dp,  0G,
ot 0z

AG)E A B #A9 A% Add me hae oF &%

Ho] Z7g Helth.

€ + R, + Riyeos O

( G,Cos
0 002 Py *
€53 - 3. — R, 6)
9 ( Gg CCOZ
0 CCO? P * *
o0t = P Zg + Rc + RCaC’03 (7)

H(O)3} (e 0.5 COpl M AL A3bel Wb A4k o]k,

p, = (28Cxy +32Ch, +44Cy,)  (8)

Cyo + Cpy + Cyy = constant  (9)

AH®)F e AN v= "dxg5 FAsE Aotk

_’|3_

Collection @ chosun



Al 3 A Model algorithm

Tl 238 Bl A £A4E BT dadsolth At &A= Input =3
A

|2k A 7+3} interval Al7bo] Eo17Fal, Y9 Alo] Z[diameter, ml, Z7] A

Aok &9 AIZE At &< unit volume®] zo]Ql Az 7o et Aite]l ¥ HF
zolo] EEatlS W FHo] "ok ARt esAE dstetA & EYA 5o AN
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Fig. 2.3 Algorithm of Sinter bed model.
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Fig. 3.1 Schematic diagram of TGA and combustion rate experimental.
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Fig. 3.2 Time overview of TGA and Combustion rate experiment.
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Table 3.1 Conditions of experiment.

Case A B C
Temp (K) 1273 1373 1473
Weithg (g) 8 8 8
Size (um) ~ 150 ~ 150 ~ 150

Table 3.2 Conditions of solid fuels.
No. Coke Anthracite
1 100 0
2 70 30
3 50 50
4 30 70
5 0 100
Table 3.3 Proximate analysis of cokes.
Moisture Ash Volatile Fixed Carbon
(%) (%) (%) (%)
Coke 5710 10 ~ 15 176 88 T 88
Anthractie 5710 10 7 15 3710 70 T 78
- ’|9 -
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T Inlet

Fig. 3.3 Schematic diagram of temperature profile experimental.
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Fig. 3.4 Detailed schematic diagram in sample area.
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Temperature profile
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Fig. 3.5 Time overview of temperature profile experiment.
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Table 3.4 Mixing ratio of slag basicity A, B and C.

Run No. z4% SRS IAAS 21314 C/S
Initial 65 ~ 70% 25 7 30% 27 5% 27 5% -
A 55 7 60% 25 7 30% 27~ 5% 57~ 10% 1.4
B 55 ~ 60% 25 7 30% 2~ 5% 10 ~ 15% 1.7
C 55 7 60% 25 7 30% 2~ 5% 15 ~ 20% 2.0
Table 3.5 Conditions of solid fuels.
Sample Coke Anthracite

1 100 0

2 50 50

3 0 100

- 24 -
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Fig. 3.6 Schematic diagram of temperature profile experimental.
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Fig. 3.7 Time overview of temperature profile experiment.
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Fig. 4.1 Effect of temperature(1273, 1373 and 1473K) on the reduction
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1418.8

Ink, =— T

—4.1778  (15)

2(15)E 99 259 A01714H)E A0 tgste] dojd ke #e ofely$-2

[e] =)
WA Fal

%)
THA LxoAe mAAR dAx =% A

Table 4.1 Symbols in modeling.

Symbol Meaning Unit
Cos Concentration of Oq 9.374 x 10" (mol/m?®)
Dem Carbon concentration 1.32 x 10°® (mol/m?)
To Initial radius 0.0156 m)
k; Mass transfer coefficient in gas film 2.604 (-)
F Reduction ratio (-)
€ Void fraction (-)
Doz Molecular diffusion coefficient of O, Cal. (m?%/'s)
Wi Initial weight Exp. (g)
W Timely weight Exp. (g)
We End weight Exp. (g)
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Fig. 4.3 Mineralogical structure (A) and Area ratio (B) of sample with
C/S 1.4 sintered by cokes.

Fig. 4.5 Mineralogical structure (A) and Area ratio (B) of sample with

C/S 2.0 sintered by cokes.
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Table 4.2 Composition of various phases in sample with 1.4 of C/S and

sintererd by cokes.

NO. Phase Fey05 CaO | SiO; | ALO; | MgO | Other | AR (%) | C/S C/F

1 Slag phase 211 398 | 293 | 31 | 11 5.6 2 14 |1 1.89

Calcium-Ferr
2 n 73.2 143 | 49 0.8 15 5.3 26 29 | 0.20
ite

3 Matrix 97.7 03 | 02 | 01 | 02 14 72 1.5 | 0.00

Table 4.3 Composition of various phases in sample with 1.7 of C/S and

sintererd by cokes.

NO. Phase Fey03 Ca0 | SiO; | ALO3 | MgO | Other | AR (%) C/S C/F
1 Slag phase 22.2 356 | 23 3.6 0.7 14.9 4 1.5 1.60
Calcium-Fer
2 " 75.9 162 | 16 3.8 0.6 19 295 10.1 | 0.21
rite
3 Matrix 97.7 06 | 0.1 04 0.1 0.9 66.5 6.0 | 0.01

Table 4.4 Composition of various phases in sample with 2.0 of C/S and

sintererd by cokes.

NO. Phase FeyO3 CaO SiO; | AlOs | MgO | Other | AR (%) C/S C/F

1 Slag phase 204 1398 | 197 | 42 | 0.7 | 152 4.3 2.0 | 1.95

Calcium-Fer
2 N 75.3 174 | 41 1.7 1.1 0.5 335 42 | 0.23
rite

3 Matrix 97 07 104 ] 05 | 03 1.1 62.2 1.8 ] 0.01
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Fig. 4.7 Mineralogical strctue (A) and Area ratio (B) of sample ith
C/S 1.7 sintered by anthracites.
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Fig. 4.8 Minerlogical structure (A) and Area ratio (B) of sample with
C/S 2.0 sintered by anthracites.

Table 4.5 Composition of various phases in sample with 1.4 of C/S and

sintererd by anthracites.

NO. Phase Fex03 CaO | SiO; | ALOz | MgO | Other | AR (%) | C/S C/F

1 Slag phase 211 406 | 30 | 21 | 1.2 | 5.2 6.7 14 1192

Calcium-Fer
2 t 745 | 168 | 4.1 1.2 15 1.9 235 4.1 | 0.23
rite

3 Matrix 976 | 02 | 02 | 05 | 02 14 69.8 1.0 | 0.00

Table 4.6 Composition of various phases in sample with 1.7 of C/S and

sintererd by anthracites.

NO. Phase Fex0s CaO | SiO; | ALO3 | MgO | Other | AR (%) | C/S C/F

1 Slag phase 212 | 411 ) 24 | 33 | 06 | 98 79 1.7 1194

Calcium-Fer
2 N 744 | 138 | 36 | 25 | 09 4.7 25.9 3.8 | 0.19
rite

3 Matrix 976 | 03 | 02 | 06 | 02 1 66.2 1.5 | 0.00

Table 4.7 Composition of various phases in sample with 2.0 of C/S and

sintererd by anthracites.

NO. Phase Fe;0s3 CaO | SiO; | AlOs | MgO | Other | AR (%) | C/S C/F

1 Slag phase 194 | 412 205 | 47 | 13 | 129 8.3 20 | 212

Calcium-Fer
2 N 74 131 | 44 | 2.7 1.2 4.6 26.8 3.0 | 018
rite

3 Matrix 977 1 06 | 03 | 07 ] 03 | 03 64.9 2.0 | 0.01
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Fig. 4.9 Mineralogical structure (A) and Area ratio (B) of sample with
C/S 1.4 sintered by mixture of solid fuels.

Fig. 4.10 Mlneraloglcal structure (A) and Area ratlo (B) of sample with
C/S 1.7 sintered by mixture of solid fuels.
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Fig. 4.11 Minealogical structure (A) and Area ratio (B) of sample with
C/S 2.0 sintered by mixture of solid fuels.

Table 4.8 Composition of various phases in sample with 1.4 of C/S and

sintererd by mixture of solid fuels.

NO. Phase Fe,Os CaO | SiO; | ALOs | MgO | Other | AR (%) | C/S C/F
1 Slag phase 185 375 | 286 | 2.8 1.1 115 2 1.3 | 2.03

Calcium-Fer
2 73.1 142 | 15 0.9 2 8.3 259 9.3 | 0.19

rite
3 Matrix 98.7 0.3 0.2 0.2 04 0.2 71.4 1.5 | 0.00
Table 4.9 Composition of various phases in sample with 1.7 of C/S and

sintererd by mixture of solid fuels.

NO. Phase Fe;Os CaO | SiO; | ALOs | MgO | Other | AR (%) | C/S C/F
1 Slag phase 203 | 421|271 | 36 | 07 6.2 45 16 | 207

Calcium-Fer
2 735 | 12.8 4 2.7 1 6 27.2 3.2 | 017

rite
3 Matrix 97.8 0.3 0.2 0.7 0.2 0.8 68.3 1.5 | 0.00
Table 4.10 Composition of various phases in sample with 2.0 of C/S and

sintererd by mixture of solid fuels.

NO. Phase Fe;Os CaO | SiO; | AlLO; | MgO | Other | AR (%) | C/S C/F
1 Slag phase 22.2 41.2 | 20.1 | 4.7 1.3 10.6 5.6 2.0 | 1.86

Calcium-Fer
2 728 | 41.2 | 201 | 4.7 1.3 | 106 5.6 20 | 1.86

rite
3 Matrix 97.2 06 | 02 | 06 | 02 1.2 61.3 3.0 | 0.01
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Fig. 4.14 Effect of time on the temperature profile of coke, anthracite and

mixture.
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Fig. 4. 15 M1neralog1cl structure (A) and Arearatlo (B) ofsample w1th
C/S 1.4 sintered by cokes.

Fig. 4. 16 1 1neraloglcal structure (A) and Arearatlo (B) of sample w1th
C/S 1.7 sintered by cokes.

Fig. 4. 17 M1neraloglcalstructure (A) and Area ratlo (B) of sample w1th
C/S 2.0 sintered by cokes.
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Table 4.11 Composition of various phases in sample with 1.4 of C/S and

sintererd by cokes.

) AlO3
No. Phase Fe,O; CaO Si02 Others | AR (%) | C/S
+ MgO

- - - 41 -

1 Pore - -
2 Slag phase 20.3 427 29.3 4.2 35 1.8 1.5
Calcium-Fe
3 ] 58.6 17.8 2.7 6.3 14.6 37.3 6.6
1Tite
4 Matrix 95.1 1.2 0.1 1.1 2.5 56.8 12

Table 4.12 Composition of various phases in sample with 1.7 of C/S and

sintererd by cokes.

ALO
No. Phase Fe,O; | CaO | SiO2 9 1 Others | AR (%) | C/S
+ MgO

- - - - 3.8 -

1 Pore -
2 Slag phase 19.6 40.7 25.2 2.9 11.6 3.6 1.7
Calcium-Fe
3 ) 63.1 21.7 24 25 10.3 38.2 9.0
1Tite
4 Matrix 96.8 0.4 0.6 0.8 14 54.4 0.6

Table 4.13 Composition of various phases in sample with 2.0 of C/S and

sintererd by cokes.

AlLO
No. Phase Fe,0y | CaO | SiO2 * | Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 34 -
2 Slag phase 20.3 423 22.3 15 13.6 6.9 1.9
Calcium-Fe
3 ) 57.7 15.6 2.1 2.2 224 40.2 7.4
1T1te
4 Matrix 94.6 1.7 0.2 0.6 29 495 85
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alogica
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Table 4.14 Composition of various phases in sample with 1.4 of C/S and

sintererd by anthracites.

ALO

No. Phase FeO; | CaO | Si02 | Others | AR (%) | C/S
+ MgO

1 Pore - - - - - 15 -

2 Slag phase | 22.9 | 403 | 283 12 73 32 14

Calcium-Fe
3 , 50.4 171 | 125 17 183 | 326 | 14
1Tite
4 Matrix 983 0.2 01 03 06 62.7 2

Table 4.15 Composition of various phases in sample with 1.7 of C/S and

sintererd by anthracites.

(“)Collection @ chosun

. Al,O3
No. Phase Fes03 CaO Si02 Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 0.8 -
2 Slag phase 21.6 38.8 22.3 54 119 45 1.7
Calcium-Fe
3 ) 56.7 16.8 14.5 2.6 94 35.2 1.2
1Tite
4 Matrix 974 0.2 0.1 05 1.8 59.5 2
- 52 -




Table 4.16 Composition of various phases in sample with 2.0 of C/S and

sintererd by anthracites.

ALO
No. Phase Fe,O; | CaO | Si02 9 1 Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 0.6 -
2 Slag phase | 283 | 339 | 203 31 93 53 19
Calcium-Fe
3 , 539 | 242 | 57 15 147 | 397 | 42
1Tite
4 Matrix 96.2 0.2 0.1 08 27 53.9 2
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Fig. 4. 21 Mmeraloglcal structure (A) and Area ratio (B) of sample with
C/S 1.4 sintered by mixture of solid fuels.

_53_

(“)Collection @ chosun



LAMP COMP  28.8kV

Fig. 4.2 Mineralogic st
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OMF i 2

Fig. 4.23 Mineralogical structure (A) and Area ratio (B) of saple with

C/S 2.0 sintered by mixture of solid fuels.

Table 4.17 Composition of various phases in sample with 1.4 of C/S and

sintererd by mixture of solid fuels.

) AlOs
No. Phase Fe,O5 Ca0O Si02 Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 0.8 -
2 Slag phase 22.6 38.3 26.3 5.2 99 14 14
Calcium-Fe
3 ) 51.3 20.3 4.2 3.3 20.9 347 48
1Tite
4 Matrix 96.3 1.1 0.1 0.7 1.8 63.1 11
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Table 4.18 Composition of various phases in sample with 1.7 of C/S and

sintererd by mixture of solid fuels.

Al O-
No. Phase Fe,0p | CaO | SiO2 “ | Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 0.3 -
2 Slag phase 27.9 38.2 224 47 4.8 35 1.7
Calcium-Fe
3 ) 49.3 22.3 5.8 1.6 23 39.8 3.8
1Tite
4 Matrix 96.2 0.9 0.1 0.7 2.1 56.4 9

Table 4.19 Composition of various phases in sample with 2.0 of C/S and

sintererd by mixture of solid fuels.

AlO:-
No. Phase Fe,03 | CaO | SiO2 “ | Others | AR (%) | C/S
+ MgO
1 Pore - - - - - 0.1 -
2 Slag phase 30.4 42.3 21.3 3.8 2.2 4.3 2.0
Calcium-Fe
3 ] 50.4 25.3 11.3 7.7 5.3 41.8 2.2
rTite
4 Matrix 96.8 0.3 0.1 05 2.3 53.8 3
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Fig. 4.24 Effect of solid fuels on the area ratio of Slag, Calcium-Ferrite
and Matrix phase of C/S.
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analysis and calculated by area ratio EPMA results.
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Fig. 4.26 Effect of time on the pressure drop of coke, anthracite and

mixture.
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Fig. 4.31 Temperature profile and Pressure drop(Coke) C/S 1.4 at 1423K.
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Fig. 4.35 Effect of time and solid temperature by mass ratio of coke.

Table 4.20 Conditions of simulation data

Temp (K) 1323
Height (mm) H1<H2<H3<H4<H5
Mass ratio of Coke (%) 4
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