32 H 104 FEHEERFIR

Volume 32 Number 10 The Chinese Journal of Nonferrous Metals
DOI: 10.11817/j.ysxb.1004.0609.2021-42378

2022 4£ 10 H
October 2022

S 5 R R RS AR Fy

Famn', & #LOHOARL & OE, FRR]

(1. bR KR rESESTESM, Jbal 100083;
2. IHRPHRE & EA R AT, Wk 547000)

2 KRR,

& . ETHICPHE RN XS R T — AN R, T A B AR A - R ) ). %
THERSHE T -2 MR £ 305 e E . R AR s 7 B e &N B IX,
SE JNEIX P I B JR R A ) AT, A I S R R B B D) AR . BRI AR R A B R R AL
J5 J2 SR FH FactSage T4, i A1 4 J 1) 4% T3 32 45 BB RS DIR AT o X SE B Tl 7% Hh AN [R] B 21 RO o 3
PR R AT, BOAE T2 8 MaT T R A AR AR Y, W TR0 A A O R o R R R S 3 gy
BEIS RN AR AL, A5 T R AR R ) .

XHRIE: BNAR: e I B
YEHS: 1004-0609(2022)-10-3134-13

FE>%S: TFSI2 HAMTFERS: A

SIscAgaC: EEM, BB, SO, S5 BT E SR R RE B A . b A (e R AR, 2022,
32(10): 3134-3146. DOI: 10.11817/j.ysxb.1004.0609.2021-42378

WANG lJian-song, QIN Jia, SHI Xin-xin, et al. Kinetic simulation of oxidation-reduction process of lead oxygen-
rich side blowing[J]. The Chinese Journal of Nonferrous Metals, 2022, 32(10): 3134 -3146. DOI: 10.11817/j.
ysxb.1004.0609.2021-42378

AR, BIRERSURN 2 Fh B T2,
W SKS ¥k KiveetiZ. Kaldo ik Ausmelt/Isasmelt
%L EAMWGEE A MR T2 &R
¥ 2 B A ] 2000 FF 58P B 5K, R
. KA (I ST FU B AR 95K FL AR R
EREERL B, IR HSRIE T2 207k s
FEABRWIEREOR, SC T S aRE B #E it
TEBA IS 8B B R A=t f2 . BTz T
SHEAWRG /D AR, wRWR, 5TEE. &
FERAAR . SR &8 AR SO, [BIU2R fr
s H TR E A R UEAT SRR R P,

B JFORH R H s R AR, M Az = i FE )
HERf 2 ) AR 1SR B B . I AR RE e ik

EEWR: | VIR IS A R L 1% LI H (AA18242042-1)
Wi B 2021-09-22; f&ITHHA: 2021-11-03

AR BRI R, 345 TREIT I R (4
TR BB . YR AP iR IR
Rigk, B RAPRHEAL . AN R RS -
B- RN AL 2SR, i
PN e TR A% AR SEIE 3T T AR MR B AR
AR, TN A TCER AT . X
e JE SV LY SR N WS A R T A R I RE A
AR, AR A TOLRAE R, BT TP
TRk 7/ E S5 R LB Es 5 N (= T= S < /e
FactSage #4280, 0RO W AL o R e AT
TIRT A, SR N e R BYCR KRR
EROARERRR, W LESHEHT 7. 1=
I H LT SN IR B s . SR, AR SRR AR

BEEE: BRR, #u%, fBit; #HiG: 010-62332265; E-mail: zmcao@ustb.edu.cn



332 HEE 10

EAR, A BYEAMIEE R R R S) ) A 3135

WS 2 I AR MEIAS B P HRIRAS . IR e )2
IR E RS /R R R, Joikgs A R %)
ISR AL, sem T A AT AR AR
FIIR o BRI R 2 4, N AN £ 2
R KBS R ) 2 A RAT N AT T 5.
FILL AP H VOF B2 Fl Realizable k—e i it i
X} R BV A A P9 AR P AR R B AT T B B
FIFRE TR RISELG, DO IR SR s 4T M i ft 4%
o FRIRIHEOSR A O 7R B R MO e
1T 7T EME M2 et oe, 8 AR AER )
EA, gt hEkegi it E. KA R
WO N S -1 -4 8 = AR B I FR AT T BB
ol ZHANG ZE"25%F TLALRE R AP P 1) 2 A sl ik 47
THUER T, HT N2 AHIEE) . BRESh . R
TR LA S G5 RE AT S B R

FF I ERARSN /1% (CFD) RIBRIAE mrim e i
W BARE H IS AN P, H T T S R ) PR
i, JEF CFD A8 HRE AL & A BRI A6 2% OB
T A0V AN AS 4 2 (R S 22 S B AR HE 5
fEidE £, VAN ENDE M e 1A RO
X (EERZ)ARAY, 75 A KT [ B XA e J= 51
KBRS, n] R T R AR A kAT

ZICE AT A B I R RO U
DX AR AN SR AL AR 2 Ml 5 1 A RO PR, BETT T el
0 ST AR UL RE ) R 205 . R O A
RH E 2 i R EM © LE R IAERG4S il sl 155 3L
Fo e B NV ANALE o

AN SCHE AT ROT i [ B X (EERZ) B, 42 Hy
T AN AT LA B AR AL -3 SR I R A R
ZIT NEEN 1A, A SRR 2 4 CFD $fE
BAUIRTT, {3 FactSage! "7 A2 T 2SI 7 44
B AME M-S FS R R BN, JF 5 sebrid et
17T XS AR5 08s R B8 B L IX 4 g 2 -1l 5 4%
B AESHEITREMSE &, SEEL T R AR Y
LR IZNZAS T, A7 BT BEsiHE 7 i SEEL8h
SR

1 =3

BY R A A - IE R R T, AR SR
WRmal . E-a ki, RN SCEEERHEL . IR
Y e il TR L R A 2 IO o BT T 4 2 A R HE
2. HSHT CRD MUEMEME IR, MW N
BT RO B RNX, BEAS SOBE X N EGE HIA F

Kinetic model of oxidation-reduction process of
lead oxygen-rich side blowing

@ Simplified flow equation

v=(kdp)- At 4

k, =(0.0194 £0.0001)&"%*
k, =k, /20

@ Effective equilibriim reaction zone
@ Process dynamics

@ Material composition prediction

@® Temperature prediction

& CcrD

Macro process

1. Continuity equation
2. Flow equation
3. Turbulence model

’ Thermodynamics

- FactSage8.1 thermodynamic database

Fact-PS, FT-oxid, FT-misc

Bl HuikE s
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Schematic diagram of side-blowing furnace grid
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Fig. 3 Side-blowing furnace effectively balances reaction zone: (a) Oxidation furnace process; (b) Reduction furnace

process



3138 T A e E SR

2022 410 A

SO,

(a) ‘2PbS+302=2PbO+2802

. . PbS+2PbO=3Pb+S0,

! ’ PbS-ZnS-FeO-Si0,-Ca0O

! WG @
0 / .
- i o
0, =) 7 Homogenization ° 0
==="" Slag l
Liquid lead
Metal

E14 B U O o A S S

o,mp, _-°

Coal

Ico, Co, l

(b)

00 ® @ "q. O
‘ . ‘ PbO+C=Pb+CO .

.1C+02:C02 PbO-ZnO-FeO-

$i0-Ca0 @

1
1
1
1
1

[
; ;i L \ °
/7
/, “ ..
4
0 ®
l.

Liquid lead

-

---7  Slag

Homogenization

Metal

Fig. 4 Reaction mechanism of lead-oxygen-rich side-blowing molten pool smelting reaction: (a) Desulfurization reaction of

lead sulfide concentrate; (b) Carbothermal reduction reaction of lead-rich slag
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Table 1 Mixed charge and fuel compositions of oxidation furnace

Material Mass fraction/%
Charge Pb Zn FeO CaO SiO, S Cu Sb As Ag H,0
44.07 7.88 6.44 2.78 4.76 15.48 0.95 0.78 0.28 0.09 6.68
Coal C S H,0 Volatile SiO, ALO, CaO MgO
81.07 1.20 1.28 5.01 4.52 2.73 1.29 2.14
CaCO;  MgCO,
Flux

85 15
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Fig. 9 Element surface scanning (a) and secondary electron image (b) of micro-area of lead-rich slag
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Table 2 Substances in each reaction zone

Zone Phase Mass fraction/%
CcO H, CoO, H,S H,0
Gas
RI 60.56 33.90 0.41 434 0.35
Solid C FeS CaAl,Si,0q CaSiO, Si0,
oli
88.10 4.45%x107 3.89%107* 4.34x107 1.06x107
G H,0 SO, H,S H, Sb,S, S, PbS
as
83.51 5.28 1.90 3.04 0.36 0.77 4.78
- PbS PbO ZnS ZnO FeS FeO Sio,
Sl 34.71 22.73 10.01 5.86 6.71 3.85 2.85
a,
£ SiS, CaO CaS Cu,S Cu,0 As,S; As,O,
6.24 1.66 3.05 1.01 0.64 0.37 0.20
G SO, N, PbS Pb PbO Zn co,
as
7591 11.57 2.24 0.6 0.26 0.06 9.26
PbO PbS ZnO ZnS Fe,O, FeO SiO,
54.49 2.72 15.45 0.86 7.96 3.03 7.54
R4 Slag
SiS, CaO CaS Cu,0 FeS Fe,S, As,O,
0.53 4.40 0.26 1.40 0.17 0.48 0.55
Pb Ag Cu S
Lead
95.99 1.38 1.55 1.00
CO, N, 0, SO,
Gas
RS 88.17 10.05 1.28 0.49
Solid Ca,Fe,Si,0,, Fe,0, CaAl,Si, Oy Ca,Al,SiO,
oli
38.61 31.42 27.65 2.38
G CO, SO, N, Pb PbO PbS Sb,S,
as
42.49 47.13 4.87 0.79 0.36 1.53 2.44
PbO PbS ZnO ZnS Fe,O, FeO Sio,
sl 60.34 0.95 12.03 0.27 8.82 2.75 8.16
a,
s SiS, CaO CaS Cu,0 FeS Fe,S, As,O,
0.22 4.05 0.10 1.43 0.07 0.18 0.85
Pb Cu As Ag Sb S
R6 Lead
88.79 2.11 0.01 8.6 1.14 0.35
o FeO ZnO Fe,0,
Zincite
6.2 88.11 5.69
Ca,ZnSi,0,  Ca,FeSi,0, Ca,FeSi,0;  Pb,ZnSi,0,
Melilite
87.51 4.08 1.79 5.13
Soinel Fe,0, ZnFe,0, Fe,0} Fe,0; FeZn,0,  ZnZn,0}  ZnFe,0}"
ine
P 6.96 44.76 29.20 3.36 3.51 5.37 5.15
G N, H,0 0, SO, SO, CoO,
as
RS 59.27 19.88 11.67 10.16 3.10 0.02
b PbSO, Ag,SO, SbO, ZnSO, Zn,(AsO,),
ust

93.56 0.84 5.20 0.35 1.84x107°
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Kinetic simulation of oxidation-reduction process of
lead oxygen-rich side blowing

WANG Jian-song', QIN Jia®, SHI Xin-xin', JING Tao?, CHEN Wei', HUANG Tao? CAO Zhan-min'

(1. School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing,
Beijing 100083, China;
2. Guangxi Nandan South Metal Co., Ltd., Hechi 547000, China)

Abstract: Based on the concept of an effective equilibrium reaction zone, a process model was developed to study
the kinetics of the oxidation-reduction process of lead oxygen-enriched side blowing. This method fully
considered the gas-slag-gold multiphase reaction, mass transfer kinetics and energy conservation. With a
simplified flow equation was used to connect each reaction zone and the local thermodynamic equilibrium was
assumed in reaction zones, the thermodynamic calculation was linked to the kinetic simulation. The
desulfurization reaction of lead sulfide concentrate, and the reduction reaction of lead-rich slag were calculated by
FactSage. The mass transfer coefficients of slag and metal are obtained by numerical simulation. The element
analysis and phase analysis of samples at different moments in the actual industrial process validate the model.
The currently developed process model can predict the phase and composition changes over time during the lead
oxygen-enriched side-blown smelting process, and is expected to be used for process control and the construction
of smart factories.

Key words: lead smelting; side blowing furnace; thermodynamics; kinetics
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