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Effects of Operating Factors of Blast Furnaces on the Contents of
Silicon and Sulphur in Pig Iron

Kenji TAMURA, Katsupa ONO, and Nobunao INISHIDA

Synopsis:

For the purpose of determining optimum operating conditions for the refining processes of iron and
steel making, transfer reactions of silicon and sulphur into pig iron were studied from the kinetic and
thermodynamic points of view, and general estimation equations were derived concerning contents of
silicon and sulphur in pig iron. The results obtained were summarized as follows :

(1) Simulation was carried out by making use of actual operating data of thirteen blast furnaces
whose operating conditions were different with regard to inner volume, production rate, fuel rate, and
so forth, and it was confirmed that the equations in the present paper agreed approximately with the
actual ones. '

(2) It was clarified that actual contents of silicon and sulphur in pig iron were nearly the equi-
librium ones on the assumption that the partial pressure of CO generated in the layers of slag and pig
iron was much the same as blast pressure.

(3) Main operating factors exerting influence on the silicon content in pig iron were blast pressure,
pig iron temperature, slag composition (basicity, contents of MgO and Al,O,), and pig iron compo-
sition (contents of C and Mn), and the effects of these factors on the silicon content were evaluated
quantitatively.

(4) Kinetic analysis as to the silicon transfer from SiO gas to molten pig iron in the region of
blast furnace tuyeres indicated that besides the factors described above (3), the silicon content would
be influenced by production rate and the dropping distance between a tuyere level and an inner edge
of a cohesive zone.

(5) Main operating factors exerting influence on the sulphur content in pig iron were blast pressure,
total input sulphur, pig iron temperature, slag rate, slag composition (basicity contents of MgO and
Al O;) and pig iron composition (contents of C and Si), and the effects of these factors on the sulphur
content were evaluated quantitatively.
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Fig. 1. Arrhenius plots of apparent rate constant
(k¢) for the reaction of Eq. (1).
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Fig. 2. Relation between activity (dgj0,) and molar
fraction (Ng;q,) of SiO, in the slag of CaO-MgO-
AL O,-5i0, system at 1500~1 550 °C.
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Fig. 3. Comparison of statistical dropping distances
(Hc) estimated by Eq. (30) with theoretical ones
(Hc,:) by Eq. (29).
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Operating data* of blast furnaces and estimated contents of Si and S in pig iron.

Table 1.
Blast furnace O;Ft; Togita Kir*;;litsu Naéolya Na%oga Sa*l;z;i Mu;#o;an Kamaishi
Inner volume (m3) 5070 4250 4 063 3890 3240 2800 2290 1730
Hearth diameter (m) 14.8 13.8 13.4 13.0 12.5 11.5 10.7 9.4
Production rate (t/(d-m3)) 2.224 2.032 2.060 1.975 2.214 1.570 2,123 1.579
Average production (t/d) 11276 8635 8372 7684 7172 4396 4862 2732
Coke rate (kg/t) 401 405 407 423 408 402 402 395
Oil rate (kg/t) 46 46 51 35 38 44 43 47
Fuel rate (kg/t) 447 451 458 458 446 446 445 442
Ore/Coke (—) 4.077 3.944 4.027 3.915 3.975 4.046 3.983 4.186
Sinter ratio (%) 84.0 85.7 86.1 80.0 81.2 79.1 85.1 80.3
" Pellet ratio (%) 14.9 14.3 13.9 20.0 15.7 17.9 14.9 16.5
Total input sulphur (kg/t) 3.75 3.92 2.87 3.24 3.21 3.69 2.81 2,56
Blast volume (m3/min) . 7846 6170 6327 5906 5515 3182 3705 1870
Oxygen enrichment (m3/min) 0 9 0 0 0 0 0 0
Blast temperature (°C) 1336 1 256 1 306 1237 1215 1276 1202 1258
Blast humidity (g/m3) 1.8 7.7 3.8 18.0 6.0 7.4 6.6 6.5
Blast pressure (105P,) 5.397 4.948 4.471 4.819 - 4.520 3.572 3.951 2.922
Top gas pressure  (105P,) 3.710 3.294 2.949 3.293 2.924 2.573 2.861 1.808
Top gas temperature (°C) . 97 160 146 141 118 122 128 155
Top gas analysis CO;, (vol %) 22.3 21.7 21.8 21.6 22.2 22.7 21.7 23.7
CO (vol %) 21.7 21.2 21.2 20.9 20.9 19.9 19.7 20.0
H, (vol %) 2.7 2.6 2.8 3.1 2.6 2.6 3.0 2.0
Slag rate (kg/t) 329 301 300 335 ' 323 304 289 325
Slag basicity (Ca0)/(Si0z) (— 0y 1.24 1.23 1.23 1.27 1.28 1.23 1.26 1.19
Slag analysis (SiO3) (%) 33.92 33.90 33.70 33.70 33.80 34.60 34.18 35.84
(MgO) (%) 7.66 6.57 7.10 6.26 6.91 7.29 5.59 6.70
(A1;03) (%) 13.16 14.01 14.00 13.90 13.30 13.47 13.85 13.07
{S) (%) 1,12 1.14 0.90 0.83 0.91 1.11 0.89 0.64
S distribution ratio (S)/(S) (—) 48.7 38.0 40.9 2.4 37.9 37.0 42.4 30.5
Pig iron temperature (°C) 1532 1 531 1542 1502 1511 1 504 1531 1482
Pig iron analysis (C) (%) 4.90 4.76 4,24 4.80 4.70 4.63 4.86 4.85
(Si) (%) 0.3¢ 0.42 0.64 0.28 0.29 0.45 0.5¢ 0.42
(Mn] (%) 0.42 0.57 0.52 0.55 0.52 0.50 0.52 0.41
CP] (%) 0.105 0.094 0.123 0.093 0.096 - 0.106 0.10¢ 0.085
081 (% 0.023 0.030 0.022 0.034 0.024 0.030 0.021 0.021
Hanging (times/month) 3 0 0 3 0 0 0 ’ 0
Slip (times/month) 28 13 3 21 3 572 1 0.
Estimated (Si]) by Eq. (27) (%) 0.39 0.42 0.54 -0.28 0.33 0.43 0.47 0.43
Estimated (Si) by Eq. (40) (%) 0.36 0.41 0.68 0.25 0.33 0.44 0.56 0.42
Estimated (S} by Eq. (70) (%) 0.024 0.030 0.020 0.031 0.026 0.031 0.022 0.02r
Estimated (S)/[S] by Eq. (71) (=) 42.9 39.7 43.9 27.8 33.5 35.4 39.9 33.8

*  Average values of a month

O Si BE ([Si]) OMRBEHEXNE LTHEOX2REBH

3.
In[Si] 4 P.[Si]4+ R=0:ceeremeeermeeeeenannnenns (40)
I L,
P=9005/T —4.076 - nrevuereeereremmennarenss (41)
R=0.5527[C] +0.6471[Mn] +71867/T + 2lnPgo
—10 By, — 4T .87 +vvevmreniesie e (42)

LorT, TEH, GhRXoRiw s CO Ko
EPRAEEXBEEHCTREL, A7 7  BEHEAELER

BINGHPBACRETS LHEL T30, Lk
2T, A7 ZBLUTOFEERBAT RO RIGHAThi
LEThE REETSH CO ofHFE (Peo) 1t F<L7%K

b A 7B ERCABFEAENL B> Tk
FTChD. T, HAEEASERHEEVIREET
BEINLEFENLEEOTEY, A5 7BELFhE

FRELKWEBEINRD. X2 T HEbDoLD, Peo °
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EZELWESRTLEADABRE LR S.

PCO‘:O.9869X 10-5Pb (43)
LT, FREAOBHERE (T) », Hgknr okl
BOBHBELE LW R TEEHRIBLARS.

T=Tp+273 - - (44)
Ltmof,@%ﬁ%ﬁ&?é[&]%ﬁﬁ%$<t
%E Newton-Raphson %) & > TRDdDIE, F£ED
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Fig. 4. Comarison of‘actual Si contents in pig iron
with equilibrium ones estimated by Eq. (40).
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LT A UNERD B,

3. Sk Si BEICRIET
BIFRkERORE

2.3 SiTCRNLEBRC LT, [S1] tRIETEFRE
B OMEAY FERIELR X #EF (40) ~ (4) K
DWTERLTS-[S1] e REFFERE LT, ZAE
5, BHEE, AT 7 - GO HE I,
[5i) wRkEThboBER (2) 0B ERILT S
HORERIL, @OR¥ZrowWTRES Tz LKL
h, WORDIO>ELERINS.

aCSi]  —[Sil-{[Si]- (3P/3Z) + (3R/3Z)}

FY4 P.[Si]+1
L, Z: BFHREER (Py, T, B, (Mg0O), (AL,Oy),
[C] % X0 [Mn]) TH5. LiaoT, (40)~(45)
K L0°(9), (12)Knb, S CRETEBRFREE
RogEsr ERE{LT 5 D0HERIL, @6)~(GB2)A T
EKEhs. ’
A[Si]/0Py= —2[Si]/{Pp- (P-[Si]+ 1)} +++:: (46)
9[Si1/6Tp=[Si]- (9005[Si] +71867)/

{(P-[Si]+1) - (Tp+273)2} wweeveeererneens (47)
d[Si1/6B= —L-w- [Si]- {0.42(MgO)

—0.481 (AL;Oyg) + 101,65} /2 -+ vveerverveeoe- (48)
9[5i]/9(MgO) =¢- [Si]- (B+1) - {0.901 (AL,Oy,)

B U . 11 I O PPN C <))
9[Si1/0(ALO;) = —C- [Si]- (B+1) - {0.901 (MgO)

455,96} /2 erereereeniniine e (50)

[Si1/3[C] = —0.5527[Si}/(P-[Si]+1) --(51)
3[Si1/a[Mn]= —0.6471[Si]/ (P- [Si] + 1) --- (52)
L,

P=9005/(Tp+273) —4.076 -v:ereersereeeseee e (41)
{=0as;0,/0Nsi0,=13.09N¢i0,— 1 .51Ns;0, - (53)
A = 2+ As;0, (P. [Si]+ 1) crerenessanseaaneenaeas (54)
¢=101.65B + (0.42B+0.49) - (MgO)

— (0.481B+0.411) - (AL,Og) +95+++:--0-- (55)
@=95— (MgO) — (AL,Oj) +++eresrereresseneens (56)
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Table 2. Estimated results of Si content in pig iron and the effects of operating factors on
it under standard operating conditions of a blast furnace.

Number cf case 1 II m v \
. Standard operating conditions :
Blast pressure Py, (105P;) 5.916 4.936 3.955 2.974 1.994
Pig iron temperature T, (°C) 1 480 1495 1510 1525 1540
Slag basicity B(=Ca0/Si0z) (—) 1.30 1.25 1.20 1.15 1.10
MgO content in slag (MgO) (%) 8.0 7.0 6.0 5.0 4.0
Al;O3 content in slag (Al;03) (%) . 16.0 15.0 14.0 13.0 12.0
C content in pig iron [C) (%) 4.8 4.7 4.6 4.5 4.4
Mn content in pig iron {Mn] (%) 0.7 0.6 0.5 0.4 0.3
Estimated values :
Si content in pig iron [Si)* (%) 0.086 0.202 0.472 0.998 1.924
Effects of operating factors on [SiJ** :
9(Si)/aPy (9%/(105P,) Py) —0.027 —0.068 —0.163 —0.348 —-0.711
o(Si)/oT, (%/(10K)T}) 0.019 0.039 0.077 0.129 0.192
3CSiY/9B (%/(0.1)B) —0.014  —0.031 —0.059 —0.095 —0.131
o(Si)/o(MgO) (% /% (MgO)) —0.006 -0.012 —0.023 —0.035 —0.062
(SiY/0(Al1:03) (%/%(A1203)) —0.003 —0.006 -0.011 —0.016 —0.021
o Si)/a(C) (% /%(CY) —0.044 —0.093 -0.179 —0.286 —0.392
o(Si)/a(Mn])  (%/%[(Mn)) —0.051 —0.108 —0.209 —0.335 —0.459

* Estimated by Eq. (40) ** Estimated by Eqs. (46)~(52)

T, (46)~ (D) RIEST, [8i] REIFTEER
DEERHEET LD, FEROKBLLEY ThEh
S5KEERETEL, Table 2R3 X5k, £6L LTS5 7
—AORBEEFBEFEYRE L. bihik, r—2
No. K E W E E [Si] 2K T5 & 5 FBEROKE
R EELTHS. LidoT, ¥y—=2 112, BED
B e v ARRWT [Si] OTFRENEOh HEESE
HEBEELLLDOTHS. Table 2D/, (ORI
ESWCTHEE Lic [Si1 %2R L7225, [Si) o TFREH
0.10% t#zZahs.o¥r, (46)~(52)K LS\ T
WE L [Si] wRIETREROFES Table 2 ©TF
B RUAd, £BR K IV [SI] ok#ERIDT,
[Si] CRETREROEE M hBRicDOTW5.

4. kP SBEOHE

gkt Si PRI OWT 2-3 FiTHNA k5, B
BT, BFATHOWERASYETRHOLYD, RICHE
ERHEZELTOTCH SEECRETEFBREEROK
Bh+HC BT HE LI TERG LTI R LD
SEEOHECHE L, FHANBSOLZNLEREL
fe.

41 FERIMICBIFEZRT Y « BHBO S OFHESFELE

EBRILRE LTONROREE XAV &, Fi
EH (K) 2GR THRIh 5.

1/28,(g) =8 ; 4G°=—143550+28.41T J/mol
‘ ceee (57)

__as _I81 [fs-Cs :
K_Ps,‘/z =5 . Pt vt (58)

#e# L, fs: Henry gzﬁ@@t@anﬁomﬁaﬁaﬁ (-)
ThhH, GNXNTEUTE 2.

log fo=¢ [C1+e8P- [Si]+ef*™ - [Mn] - (59)
o, e(i:C, Si, Mn) : #%$0 S x5 G,
Si % X0 Mn OIE(EABERTHY, Banva B
HEMEY A5 L (BO)RB oI5,

log fs=0.114[C]+0.063{Si] —0.026(Mn] --- (60)
Cs: BDXTEFE I Sulphide Capacity ThH b ¥,
A F 7D SKRINEEEFETHRETH S,

Cs=(S) -V Py JPg, w+ereeeresverssssnssescusinssns (61)
7ok, Cs BHERODKICRT IO, A5 78R EE
EoBg L LTERShs, ¥k, (13)RkIV(IHA2
HPo, X (62) K TEKERhS.

Po,V2=Pgo-exp(—14192/T —10.15) - - -- (62)
LA, (87), (98), (60) ¥ LT¥ (62) K DBk
b, A7 7 WHHD S OREHEH (Ls) 12(63)KT
*xIhs.

LS_ (8) /[S]1=exp(0.263[C]+0.145[Si]

—0.06[Mn] +2.303log Cs—3 076/ T
F18.56) /Pg --ererresesennisinie e (63)
4-2 Sulphide Capacity ‘
Sulphide Capacity (Cs) & = 3 S# R DOBAHE% Fig.
5wxRT. RPoOHIE, VENKATRADI HHi1500°C i
BTkt ERETH 5. Fig. 5 OF — xR/
HREETERILT S L GHR1BE LR B,

log Cs=1.39Rg—5.57 ¢ cecrerreirciiirnniiiennien. (64)
yroy (ol D
Rs= (Ncao+Nmgo/2)/(Nsio,+Nai;0,/3) -+ (65)
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ZZC, Nj: 2S5 7FORS j OEAHEK (=) TH
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-
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Cs Dfg 1.3 EThs L HEShT 39, Fo7T,
ONXEEELT, THC I C Xkbp5 L,
(68) X238 Hh 5.

-(66)

log Cs=1.39Rg—C,/T —Cy v+ ovvrervenreess e (67)
Ci=7363, Co=1.417 rrerriiiiininiin i (68)
Lichi2T, (66)~(68)F; Ly, Cs 269X, TEIN

5.
log Co— 1.50B+1.04(MgO)/(SiO,)
14+0.197(AL,04) / (Si0,)
— 773163 — 1417 e (69)

4-3 #HBP S REORIBHER

RFRIC R 5 S oW EINER1T 5 &, kb Sk

([S)) DHEERE LTTOXNELRS.
[S1=1008s- [T.S1/(Ls- SR+ 1000)

2L, Ls i3,

hs.

Ls—(S)/[S] =exp[0.263[0]+0. 145[Si]
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(63K LTOYNK X (ThHRTHKX
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3.45B.4-2.39(MgO) /(SiO;)
{ 11+0.197 (ALO,) /(SiO,) }‘

#_22£33_F10.30]/;b0 RO ¢4 )

¥k, Bs: BB IC A5 27D S RPE (-) Th

FE DS OB B (12) R TCEHZE IR 5.

Bs={SR- (S) /100 +10[S]}/[T.S] +evreeeseer (72)
16 XORF O BET — 2% AT, 2)RreFES\T
Bs *RBELI-HE, Bs=0.99 nEHh7-.

XC, PRSI 225 7LB8E 0o S 04HE
KIG% T 5 kediiy, FREB~NETT588%HEAS
7OWRE (T) ¥HHECHEETHAEVERLEL LR
5. AT, SO xAnLEHA~O S BITETS
EERNEZC LY, POAEELETT2 B5%0 BE
ik, Mo HHEo BEHREOENE (Ty) Xb
75~50K B tABEI . £2T, WEOIRKE
FfEfELR T & it & DRV B LI 5.

T=Tp+ep+273 -- e (T3)
Tt L, ep: WERRTHY, ep=25(V<4000m?),
ep=75(V=4000m?) k{REL7.

Table 1 OFfilic, 8%D SFRET -2 (A¥H
E) AT, (70) XXy #HEELE [S] #RLE
A%, [S) OHEEME & ERER D I —HKL T35,
¥ 7, Fig. 6 13, A, HEibs XORKBIEEDR
PEESMYE RS 13 XomFoiET -2 (AF¥H
fB) 2T, (10)RicFESuT HEE Lic [S] & FH
[S] #HEE Licb DTH DA, MHIZEHERN L —KL
TuW5b.

L7=532>C, Fig. 64 X0 Table 1 fE5 kb, %
b S OPEEE (ERME) X, St DBE LA, 3IF
EERECEVEHEIShS.

5. Z#P SEECREIISFREEROEE
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Fig. 6. Comparison of actual S contents in pig iron

with equilibrium ones estimated by Eq. (70).
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Table 3. Estimated results of S content in pig iron and the effects of operating factors
on it under standard operating conditions of a blast furnace.

Number of case VI VI VIt X X
Standard operating conditions :
Blast pressure Pp (105P,) 4.936 4.445 3.955 3.465 2.974
Total input sulphur {T.S) (kg/t) 4.00 3.75 3.50 *3.25 3.00
Slag rate SR (kg/t) 280 295 310 3.25 340
Slag basicity B (=CaO/S5i0z) (—) 1.20 1.225 1.25 1.275 1.30
MgO content in slag (MgO) (%) 4.0 5.0 6.0 7.0 8.0
Al;O3 content in slag (Al;03) (%) 16.0 15.0 14.0 13.0 12.0
Pig iron temperature 7, (°C) 1490 1500 1510 1520 1530
C content in pig iron [C] (%) 4.5 4.6 4.7 4.8 4.9
Si content inpig iron [Si) (%) 0.20 0.30 0.40 0.50 0.60
Mn content in pig iron (Mn] (%) 0.60 0.55 0.50 0.45 0.40
Estimated values :
S content in pig iron [S)¥(10-3%) 75 49 31 19 11
S distribution ratio (S)/{SJ** (—) . 15 22 33 49 76
Effects of operating factors on [SJ¥** :
a(S)/ Py (10-39% /(105P,) Py) 12.3 9.6 7.1 5.1 3.6
8S)/aCT.S)  (10-3%/(kg/O)(T.S]) 18.8 13.1 8.8 5.8 3.7
[SY/asR (10-3%/(kg/t)SR) —-0.22 —0.14 —0.09 —0.05 —0.03
S8 (10-395 /(0. 1) B) ~19.0 —13.5 —9.0 —5.7 —3.4
ars)/o(Mg0)  (10-3%/%(MgO)) —~3.9 —2.8 —1.9 —1.2 -0.7
aS1/9(A1;03) (10-39% /% (A1,03)) 1.3 1.0 Q.7 0.5 0.3
arSY/oT, (10-3% /% (10K) T'p) —4.0 -2.7 ~1.8 —1.1 —0.7
aCSI/ACCY (10-39 /%LC) ~16.0 —11.2 7.4 —4.6 -2.8
aCS/aCS) (10-395/%Si) -8.8 —6.2 —4.1 —2.6 —L5

* Estimated by Eq. (70) ** Estimated by Eq. (71) *** Estimated by Eqs. (74)~(82)

B RERBEREN D, [S] KRETFEREFRERR
1, ERED, BALSE, AT S, A7 SER B
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X, [S] R RETHABFPGEEROBEYER(LT
3 o#EERT, (70), (DB ICIHREEERT
REsTHZ Ly ((H~@B2)RNTEIN%.
3[S1/3P,=0.9869 x 10-55-SR- [S1/ (- Pio)
e (74)
a[S1/d[T.S1=1008s/79 ; (Bs=0.99) .-+ (75)

A[S]/dSR=—Lg-[S1/5 +-eeerrerrer -+ (76)
O[ST/OB=3.45E/@ «+rvererressnemneeenncensennnns (T7)
3rS1/0(MgO) =2.39¢/{a- (SiOy) } «-+--r----- (78)

3[51/3(AL,Op) = —0.1978-¢/{a?- (SiOy) } - (79)

A[S1/0Tp=200336/T2 ---ceveeemrmrnuasanienianns (80)

A[S]/[ACT =0.263 «ovvvereerearaamaincnneneeneeee (81)

F[S]/BISI]=0.1458 - ceeeeemeemmenniinniininnen. (82)
ii L,

a=0.197 (A1,0;) / (SiOp) 41 +eeverveeceeeeneeoo (83)

5=3.45B+2.39(MgO) / (510,) ceeee (84)

d=exp(8/a+0.263[C]+0.145[Si] —0.060[Mn]

—20033/T +10.30) eereeeneenes (85)
P=Lg*SRAT000 - o coemeemmrmmnimiininennineine (86)
E=—Lg-SR-[S]/5 ---eeerrremmeeruneeneaninnen (87)
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