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Circulation of Elements in Blast Furnace Estimated by Thermodynamics
and Vapour Pressure Measurement

Yoshiyasu TARADA, Mitsuo Sumrito,

Nobuo 'TsucuivA, and Kyoji OKABE

Synopsis:

The circulation behaviour of Fe, Mn, Si, Mg, Zn, Na, K, S, and Cl in blast furnace is studied. The
compounds of circulating elements and the region of the circulation are quantitatively estimated by ther—
modynamic calculations using gas compositions measured by the vertical probes at a working blast furnace.
The probable vapour pressures of circulating species are quantitatively estimated by the mass spectrometric

analysis of Knudsen effusates from pig iron, slag, and coke.
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Table 1. Influences of circulating species with a high vapour pressure on B.F. operation.

Phenomena Vapour species Influences on B.F. operatioﬁ Literature
Wear of ,wall linings Zn, Alkali metals and Build-up of blast pressure, slipping and
these compounds, peeling followed by a chilled hearth (10)
(Carbon deposition)
Scaffolding Zn, Alkali metals and Build-up of blast pressure, slipping followed 11
these compounds, SiO | by a chilled hearth an
Chemical attack on p Reduce the lining life 12
wall linings (12)
Increase of reactivity Alkali metals A acceleration of solution loss reaction 13
of coke velosity (13)
Disintegration of coke 4 Build-up of blast pressure, slipping, hanging (14)
Swelling of pellets 4 ” (15)
Increase of reducibility
of iron ores NaCl, FeCl, ? (16)
Si pick up)by pig iron | SiO [2Si] changes 17)
Reaction of gaseous Mn, Mg, Alkali metals | [2S] changes
sulphide with metalic (18)
vopour
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Fig. 1. Reaction model from thermodynamic view —1sL

point in blast furnace (M : metal).

2.2 BFATO Px,,Po, Pu, Ps, Pc,DHETE

Fig. 1 7R L725AB-SAaEAUS ORGHTidF N T
k& BITEDSEE, Py Pop Pry Psy Pei ZHUE
TLENRER & FOEBLETHS. ARE CIEEE Y
U FICk HAREROWAFIA Lz, BT o Awv
PR — 2T ERGAE 1 B TORNERTH 5.
AN D Pny Pu, OFEIAEE Fig. 2 1R LER TR
Exhd LEELR. ZhboGEEEZEETHEFD
7O Py, TREEETE, Pu, TRERES, E
AkGy, BRRALETHS.

Po, V& 1200°C LIF OIREEMK T3 Fig. 3 TR ¥ &

—1 I 1 0
0 500 1000 1500 2000
T (°C)

Fig. 2. Py,, Py, and temperature profiles in a
blast furnace measured by vertical pro-
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Fig. 3. Variation of Pg, in a blast furnace estima-
ted by gas composition measured by verti-
cal probes19,
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Fig. 4. Variation of Ps,, Py,s, Pcos, P¢s,, Pso, Pso,
and Pgo, in blast furnace calculated by
Neuhaus’ method20,
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Fig. 5. Affinities of compounds of Fe, Mn, and Cr
in blast furnace.
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Fig. 6. Affinities of compounds of Ca, Al, and Mg
in blast furnace.
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Fig. 7. Affinities of compounds of Si, Ti, and Zn
in blast furnace.
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Fig. 8. Affinities of compounds of Li, K, and Na
in blast furnace.
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Fig. 9. Ps, and Pc, of compounds in blast
furnace.
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fi”..Table 2. Chemical composition of materials

(a)

Pig iron

(Wt%e)

c

Si

Mn

P S

4.72

0.67

0.91

0.127

0.654

(b)

Blast furnace slag

MgO

ALO,

Si0, | CaO

MnOiNa]K‘ s

6.54

38.03

16.55( 35.37

0.93 ‘ 0.31 ‘ 0.72 ‘ 1.26

(c¢) GCoke collected at tuyere level

V.M

. Ash

F.C. S

0.47

19.22

80.

31 0.44

Ash

T.Fe

Si0, |ALO,

Ca0 [

MgO|N2,0 | K,0

5.55

52.6 | 26.1

1.2’

2.9,0.55| 1.9

Table 3. Species vapourized from pig iron at

1 600°C.

m/e Vapour species Ton intensity

24 | Gy, Mg 22.6
54 e 71.6
55 | Mn 1550.0
56 | Fe 651.2
57 | Fe 52.0
58 | Fe 5.3
60 | COS, SiO, 2.7
62 | COS, P, SiO, 4.1
64 | S; Zn, SO, TiO 3.8
66 | S;, Zn, SO, TiO 1.1

Table 4. Species vapourized from slag at high

temperatures.

Ion intensity
m/e Vapour species
1000°C|1200°C| 1400°C
7 | Li 2.6 9.7 2.4
23 | Na 23.6 | 320 3.8
24 | Mg, C,? 10 694.8
25 | Mg 91
26 | Mg 160
31 P 30
39 | K 280 390 31
40 | MgO, Ca, C,O? : 2 500
41 K 40 10
44 | SiO 1220
45 | SiO 82
46 | SiO, Na, 62
48 | Ti?, SO? 1:7
54 | Fe 20
55 Mn 43 18
56 - | Fe, MgS?, CaO? 18 321.4
57 | Fe 11
58 | Fe 1.0
60 | Si0,?,COS? 63.8
61 Si0, ? 3.3
62 | Si0,?, P, 4.5

Table 5. Species vapourized from coke (collected
at tuyere level) at high temperatures.

Vapour Ion intensity

mfe .
species

1000°C | 1200°C | 1400°C|1600°C

—

7 |Li .7
23
24
25 |M
32
34
35 |Cl?
39
44
45
46
47
48
50
52
54
56
57
58
59

60

62

63
64
70

218
1.0

33.6
147.0 43.
18.0

(S )
——
RO

11.9

200 1150 80

2.2

W= R == O N —=~J
ONN DO W

Ti?
Cr?
Fe
Fe

9.8
110

—
p—
(o]

1780
Fe 62
Fe, Ni? 42.
AlO, 4.
Ni, SiO,,
aos ? 5.9 7.5 | 11.
Ni, SiO,,
a0s. B, 1.0 3.8
TiO, Cu 2.0
3.5
124

N
—Oo0o O N oG

G g —

TiO, S,, SO,
ALO

TW5.
3:2.2 BIFEAS LB INEEKETDOWT
Table 4 X 1000~1400°C THEHERT 2 5 O

SNHELEDOBHVELMEE LTk Li, Na, K, Mg,

Mn, Fe, SiO, SiO,, P, P, 23580 b, ZOHEiE

X TERWA COS, G0, Na, g7z, ®\IFA

5 7ie o T OBEIEFERIX T TIC R ST X iy X

TV 58, AEE L IZIERAROARIELFE LTS,

Fig. 10 wABEIEIc k1% Li, Na, K, Mn, P, Fe,

Mg, SiO 04 * VRE L HfERIEDRELRLEZ R

L7 HERKJER i BORIERZRHOA)RNTEE

—EEF X, 6i=0re Si=Spe LINEL Ife & I; O

B SO EEHAKE L AW CEHE L. Li, Na,

K, Mn 0&HRK[ESEBRE CRDT 2 EMI NSO

TCROARFEREIE L, FIERECHIRT 2 &R CHE

DIBREMET LickdThH5. Si0, Mg, K, Na, Mn

v 1500°C 38 C 10-%atm DLEIC#ET S Z EBHE

Ihb.

3:2.3 WH I~ 7 2ApLRHEIN S EKLKBEITDONWT
Table 5 % p 1000~1600°C TIJH a— & 255k
HEhz®EKEE L Na, K, Li, Mg, SiO, Fej&

N, FOMPETE L7zt Sy, Cl, COS, Ti, Nay,
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Fig. 10. Estimated vapour pressures of species va-
pouized from slag at high temperatures.
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Fig. 11. Estimated vapour pressures of species va-
pouized from coke (collected at tuyere
level) at high temperatures.
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Y2 HARMD Psio OR/PNEERD Si REZR AT S
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SR lE% 2 — 2 A Ash tho Free SiO, L{iE LTW5
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atm FREDKLENESH 1600°C 01— 2550
ELEL VIEE . COZ LRBEREBICIL -2 2
LHMITmBE L2220 a— 2 X LTk SiO oFEA g
BRbHZ LXHELATHED, SIO DFERP I~ R
o free Si0y DL TR L, TIMEEDBRMAT 7,
WFHRDORAS 7L REFETHLWREEDRE N 2R
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Table 6. The circulation behaviour of elements in blast furnace.

Circulation behaviour

Fe has a high vapour pressure near the race-way zone,
but it condenses without any reactions at lower
temperature zone.

Mn in the pig iron has a high vapour pressure and
MnO in slag is reduced below the bosh region. It is
carried upward by the bosh gas, and its fraction is
absorbed by big iron and the remainder is oxidized or
sulphurized to MnO or MnS at the bosh or belly.

Si vapour pressure is low even near the race-way zone.
Si circulation is carried out as a compound of SiO.

It has a high vapour pressure at the hearth and bosh.
Its fraction reacts with pig iron at the |bosh or belly
and the remainder is oxidized to SiO, at the belly.

Mg has a high vapour pressure near the race-way zone.
It is carried upward by the bosh gas and oxidized or
sulphurized to MgO or MgS at the bosh or belly.

ZnO is reduced at the lower part of the shaft. It is
carried upward by the bosh gas and oxidized or sul-
phurized to ZnO or ZnS at the lower temperature zone.

K,O is more easily reduced than Na,O, but both are
reduced untill the lower part of the shaft. The most
stable gaseous compound is chloride at the shaft and
cyanide at the belly or bosh, and Na (K) vapour is also
similarly stable as cyable as cyanide. The circulating
gaseous compound condenses to chloride crystal, or sul-
phurized to Na,S (K,S) at the lower temperature zone.

The stable compound of S is Na,S, FeS, CaS, H,S at
the shaft, but Na,S and FeS are unstable at the high
temperature zone. Its fraction is absorbed by slag and
the remainder is reduced to H,S.

The stable compound of Cl is NaCl and KCI at the
shaft and are unstable at the high temperature zone.
Its fraction absorbed by slag and the remainder
circulates in blast furnace.

Element Vapour pressures estimated by high
temperature mass spectrometer
Fe Ppe~10-% atm from pig iron at 1700°C
Mn Pyn~10-2% atm from pig iron at 1600°C
Py ~10-5 atm from slag at 1400°C
Si Pgio~10-4 atm from slag at 1400°C
Pgi0~10-5 atm from coke at 1 600°C
Mg Pyg~10-% atm from coke and slag at
1 400°C
Zn Zn is not detected from coke, slag.
and pig iron
Na, K Py, or Py is larger than 10-4 atm
from slag and coke at 1400°C
S
Cl
BLTW5.
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Mn, Mg OERDOEFIREANORE P T CHAE
+ 5% Mn #%& ($eks 5 1600°C T Pyn~10-3atm,
A5 75 1400°C T Pya~10-5atm), % Mg #&K
(A5 785 1400°C T Pye~10-tatm) iz X 5540
BLBR O ATREMEDSE 2 B s, Tinbb I bDEmsER
SIITIEEE, FIRBEY, By v THEbLIC&AM
DS LR L MnS, MgS rixh x5 7k L, FEilick
Hahsd., 20X 5% TETO Mn, Mg iz X 5448
aRR D FE BRI T OMALIR TGN L, SR
HEFZEZOND. SOERITOWTIRINCHRE T 5FE
THb.

5. ¥ & 0B

BIFERN AT R By O EREZ V7B EE - 5
MEESTFIC X 2BFERNRM SEFKTHELZEOM
B, EKUEDHED DEIFNTORITLEOIEREHCH
LT oz Bk,

(1) Fe yZfhBess SUTIFRIEE 0 > &4 E (1600
‘G T 6.6x107% atm) THFET L B3MTE LER G
TR TS Chedts, HHRTOERE2T 5.

(2) Mn P ZpREES SUIFREE D O #kgks 5 1600
°C, [%Mn]=1.0 A, Pun~10-3atm OBESTET
RAZZ i 1400°C ¢ 10-5atm OEGIETESR
L, —¥RIEH T 2 i8I BRI SN B 2R DITH v & o,
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N —gT MnO, MnS i VECFEREZET, EHR
+%. FFHTORSE MnERIC X 5 AMEBHSS X
bha.

(3) Siix SiO OB THFRNZIERT 5. SO I
5 75 1400°C T 10-3atm, PAEEZ b BTN
BARAED T — 7 27> H1E 1600°C T 10-¢atm O /E(E
hOTERL —EVZ I THSRE IS L, KRR
) —¥RCERL LT SiO, L7 VEFUWHRNEMET, TERT
5. Gk SioEEAEPsET S SIO FARFEEL I
Zhp Si0, TH DA, WREEOBEIAS Y, HTA
55 nb0 S0 OEFEIFEVRDD LFEIDOND.

(4) Mgz, a—2 25 1400°C Tfy 1073
atm OESETERKL, Rv ¥, NY—HT MgS,
MgO r7: ¥, HOUWFRNEZET, IR 5. Mn LR
FETFHTOE Mg KA X 5 GMERIIEETHS 5.

(5) ZnO 3y % 7 NFHUTTRILINT Zn &
h, a7 MET Oy HS ERE LT ZnO, ZnS
L OTHOFERNZET, BRT5. Zn kX357, $
#2 LA cH XN, £ 2 e LTEsMicERE RS .

(6) Na, K i3v 47 NFEUTCELSh, FT
WTIREEER, Y7, Xy v 7 MRTIEECHE
i & e >TPREFOCET, ERLTWS. 257,
O — J A BEFET HESMEX 1000°C T 10-4 atm,
1400°C < 10-% atm D)\ RiciET %-

(7) Sixy %7 MEFTIE NaS, FeS, CaS & LT
G+ 5 MATE TR NaS, FeS RALE LKLY, —
ik CaS, MnS, MgS t/iroTxJ5fkl, —HfX
H,S L7 >THFERNEHOCLERTS.

(8) Clixy +7 MEET NaCl, KCl & LTHFET
598 FEFEHTRIARLE LLD, A5 7Ll —
VLA AL & e o THOENE A LERT S
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