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Mechanism of Heat Transfer in Smelting Reduction with a Thick
Layer of Slag

Takafumi KAWAMURA, Hiroyuki KATAYAMA, Kenrou SATOU,
Michitaka MATsUO, Hiroshi HIRATA and Kouhei ENDOU

Synopsis :

High efficiency of heat transfer has been obtained in a smelting reduction furnace which has an essential
feature of a thick layer of slag coexisting with carbonaceous materials, when stirring intensity by bottom
bubbling is higher than 2 kW/t-metal.

Heat transfer mechanism in this process has been examined both theoretically and experimentally.

(1) Heat transfer by radiation and gas convection was calculated by using a mathematical model and was
compared with actual data. This model was constructed by dividing the furnace into three regions depend-
ing on the modes of reaction and heat transfer and by taking the mass and heat balances over each region.
When the gas temperature is as high as 2 170°C, the actual heat transfer can be explained mainly by
radiation. But, under practical conditions (gas temperature <1765°C), the contribution of radiation and
gas convection to heat transfer is only 20-30%.

(2) In order to explain the heat transfer when the temperature of exhaust gas was relatively low, the
heat transfer by circulation of super-heated carbonaceous material was assumed. The assumption coin-
cides with other data on the reducing reaction and on the combustion in the smelting reduction.

Key words : smelting reduction process; heat transfer; radiation; convection; circulation of carbonaceous

material.
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Table 1. Experimental conditions.

5t furnace 10t furnace
Bath surface area : 4 (m?) 1.13 30
Amount of slag : W, (t) 0.2~2.5 30~45
Amount of metal : W,, (t) 3~5 80~120
Top blowing O3 : Fo, (Nm%/h) 700~900 20 00030 000
Bottom bubbling F02 Feo, (Nm%/h) 0, : 25~300 COy : 1800
Amount of coke in slag : W, (t) 0.05~0.4 18~47
Lance nozzle type 8.9mm#X7 52 mmo(Center)

+70 mmeX6

Table 2. Chemical composition of raw materials.

a) Ore (%)
T. Fe Si0, Al,O3 CaO MgO
66.8 3.00 0.51 0.05 0.01

b) Carbonaceous materials (%)

VM Ash FC S

HVM coal 36.5 8.3 55.2 0.50

MVM coal 21.7 6.9 70.1 0.52

Coke 0.6 12.1 84.9 0.36

A7 7RI, WThOBEIC 350~450 kg/t- % &
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Fig. 1. Effect of stirring intensity on post-com-

bustion ratio and heat efficiency (5t scale).
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Fig. 2. Influence of volatile matter in carbo-
naceous material on the relation between PC and
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Fig. 3. Relation between coal consumption and PC
with regard for necessary amount of fixed carbon
(Combustion of fixed carbon by oxygen jet (J) =
0.25 kg-C/Nm®*-0,).
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Fig. 4. Model of heat transfer in smelting reduc-
tion.
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Table 3. Conditions for calculation.

Case A|Case B|Case C|Case D

Scale (t) 5 5 5 100

Coal HVM | HVM | Coke | HVM

Model parameters

*Ratio of entrained gas into 8 8 8 8
O3 jet, mg

*Ratio of unreacted Oz within 0.3 0.3 0.3 0.3
02 jet, 702

* Emissivities of flame, ¢f, 0.5 0.5 0.5 0.5
and gas, &¢

*Circulating rate of carbonaceous 0 10 10 240

materials contributing to heat
transfer (t/h)

Post combustion ratio (%) 60.0 | 30.4 | 55.0 | 38.3

Temperature of exhausted gas (°C) 2171 | 1707 | 1765 | 1755

B3 By experiment

T77] By radiation and gas convection
[777] By circulation of carbonaceous material
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Fig. 6. Comparison of calculated heat transfer
amounts with experimental ones under the condi-
tions indicated in Table 3.
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Table 4. Calculated conditions and results for 10t
slagless decarbonization furnace.

Scale (t) 10
Model parameters
*Ratio of entrained gas into O3 jet, mg 8
*Ratio of unreacted Oy within O3 jet, Yo, 0.3
* Emissivities of flame, ¢f, and gas, ¢; 0.5
Post combustion ratio (%) 16.5 | 32.8
Temperature of exhausted gas (°C) 1700 { 2000
Experimental heat transfer amounts (10* keal/h) 113 | 153
Calculated total heat transfer amounts by radiation 101 153

and convection (10* keal/h)

*By flame convection 7 7
*By flame radiation 34 39
* By gas space radiation 60 107
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T THI:.
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Fig. 7. Influence of temperature on rate constant.

Fig. 7 12, @GO B O S EEEH & &
DEREERY. BEE X VIBOHEEEHW2H,
S ZBICOWVTHRERE£10°C TERIEF—-FHLTWASZ
ENHERENTVS, Fig 7i2B8VWTZ0HRETH S
R oiEH b= OV F— 2B IC K 5 TR EL
RAEHIENERENS.

ZOBMO—2L LT, KMOBENAT ZiRELD
&<, KEUFCI, mM-2 5 7 REOISHEIFHV
DT, ERELT, KERBOF RN A —/8—— b
DHEBZZIIRTVWEEZTAL., AT 7125 &ATh
DETDRMIBIE 2P H ZBEICHEL L (R—8—k—}
£ LT 250~300°C), R J ZHDRMDFEHR—/—
t— F% 150°C ¢{RE LT, Fig. 7 oBERE2BIET S
EEBOX IS, Thbb, 100t BEEKERO B
JOFBEHAEZ ANV F-—E St HBEOLDICITL ALK
THILICRD, Thbh, (RBASHHD:-OORM A —
28— — FOREE, EHEILT ROV F — OREBRBRKAE
Hx% SEEFICHBTE L Z LR 5.

—F, RMIEBOA X — 1k, 27 7REDBERM
PHRBEENZZA T 7BICEEAEN, AT TRTRMD
FHIZ, BALBGRITIC L > THEB L COTABLY
A7 FHRICHFET HARENFE L, ThyFEL LYK
M E ERDRAZEET V) BHERIET LV
bOTHAHY, BHRETHFNHZRIEMTHD, 257
HCORMER), 25 7BEEOEEZ EIZo W TIIERE
DMEF — Fid v, L7zdio T, RMBREICOWT



LA 5 7 RUBRIB ITCIEA © DR B 373

B+ EERNBERFTCELIRETE AW, S&I
RLZStHTo 10t/h v EIE, flziE, FHO
&t (# 500kg) » 50% (# 250kg) A T IS
BEREN, A 2084 LHFFHI0s &) HEEIC
LT 5.

25 ZAO 10mm LLEOREOF EEE X X #ER
EICE B89 12X, Yem/s BETH 5. 1 (H
SHE 0.7 ¥ %) ICREARM & F UARFEZ %
L, StHFORATFER1m ¥ EHT A LT E, FY
HE1.0 025 7OEMSHFLET HICEY HEFHIE,
FBEMECL>TH16s L4 5h. SOt EitoH 4
I NVE A LT I0s BT D &, RMFREICO W

THOREIBRKTCEAVWEERDbLNS,
(3)THEERFELERY) OFLH L OBEAME

PRSI X o TS X B IEEE RMIGERIC X A 15
BOLENENT S, ZRBBERASRAMELLT TRME
BA+2ic6 2 55%M4 (BlzE, Fig 6, Case B~D)
T, FRAREAEKC THORMBRICK > TLEEE
PHER SN, BERDROBREITETHS. —H, =
KRBER S IRRMELL LT, (FIz L, Fig. 6, Case A)
BEOLD TEERFELER) OEXHFIRLTVESES
D, FRORMESRL LT L OTRMIEERIZLSE
BBIRLT A, ZOKE, FRBED LY > CTEEHE
BN DAERDESELL LD, TOXHIL, TR
PRBE L ABRFEOMBRIIOVTO TRIERFELERE) O
Z2HY EARTRELEHABBIEAL TV 5.

BUVWERERLEL DI, PR EDBRTIFIR
MEEEALOOBRBEVFVLETHS (Fig. 1). 20
ST CTRHMDPHFICHEE L TONIIERBOHRN I3
M, AT TORET +— I v 76, BLSGRICHEE
EBERKECLTT.Fe KT T&E5Z &R &b FEK
IR SEDLIENTED,

5 % & O

SRR 7 A RIERE T C O EHBEHE & T 70 &
SROWE > B L.

(1)ARMETIHFRBCEIEREI ANV F—2T 2kW/t 2L

ETREHE 0% fikOEsFHELON. LrL,
RIRBER D H HRFELL LTI, HRDROKT A
Z o7z,

(2)YFR 2= 0B b, KB L ICWE & 2
DI % & B HATEREFNRE O LD, BEHEE%
BPAIFHELZWE ) ICEREGOBRECEELC, B
B 7L =3I K BIRREZEIE L 7.

(3)7 RABEHH 2200°C L EWIBEDH, BHT,

EBRE 5 HEREDO KRBT E /2.
S CREHDEISMECERYTER V.

(4 )EBINEIEOEES (F 2R 1700~1765°C)
Tit, BHEHBLUO 7L -2 CHE I N SZEHIE 20
~30% BETH 5.

(5)5% D DIZBILKM OPBERICE > TiIrbhTWwb &
HEashi, 2771043 5 RMOBEIEE % 250~
300°C &5 &, BITIEO BT 0iFEHALT F L ¥ —
DREEBBEIRAAE L L LT

(6) 2 KIBBEEDTRFELT THIDEAIEVIGE
i, RMERICEL - T, FRAREIKL T ’6%%&:?&5

L»L, 2D

BRSNS, —F, TREBBEENBRALECERME
MWV T B0, HARESHH - TR CIREE HFE

RaEn, HERHIEBDEIKT T 5.

Thbtb, KEOTCEBEOEZ L, 2 RBRER,
BRI OWCOREBEREVERDEZ HFIESLT
W5,

RE* T LDDHIHo T, KMMERILRMIELR
ST S (BARMEAAEHENHIZ) CThHIE
GERE LTV W EE# L T,

Appedix

ERGE T B3 R BRI B B BTG E

BRUE TR O B3 R 78I BT A @EHEEETE I,
Fig. 5 IC/RT X912, 7 L — a4 RMEICAAEBKE %
RITAHIET, 7V— LY AL EEE oD
FRICHE L TITH . 7 V— s, MR OBRET L —
& (F), IREEMAHE (B), 3XUZHETH 5 IEH R
5 7MW (SD) 2ok b, Py AZemfEE iz, MAEHO
P E L, PRI TSR (R) &35, &
DFEBIX, A AZEM (G), K4HE (R), (KBERMAE (B),
BXUOSRHETHHEMAT V7 (S) 64D, &H
DREE, —ETHA. DT Zo0#BII>\T, #&
FEABIWRIEE (0,) £KOT, BILFBCLEL
BB BEOREX 2B LICT 5.

7 L— 25838 (B-F-SD &) 25} 2 B4 2B

Wk, ROXHh5b.
¢BSD= Es(l — ‘SF)ASD/AB ......................... (A1)
(pSDF_ EGE T  rr e (AZ)

Opr=ep {1 +(1 — &5)(1 — ep)Asp/ Al ----(A3)
AX(7T)RDO 7 b— 2056 0@EIC X 5 I,
q¢rross W EBOXNEHWCEHETE S,

Perr 2 Ze MR (S-G-B-R &) 12317 % RAE M0

RN, ROXHITES.
D= ESEG(I + FSR/FRR) .......................... (A4)
Opc=ec(1+ Fpp/Frr) +ec(1—eg)(1—eg)
(Fps+ FprFrs/Fgrr)(1+ Fsg/ Frg) -+ (A5)
®ps = es(1 — eg)(Fps + FprFrs/Frg) =+ (A6)
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ZTC, Fy i, ABKRTHA. ZF;=1, AF;= AF;
DHFBEAVWA L, M ICROLNEAPBE—
(Frg) £ 20, O+ <ToOABLRIIKRE 5. JRIZITK
HDHREAER Frp i, EPMIC7 L2 EED L/2
CBIAEFEL O OWRMEPLELRHONELO LS
EMAFHORKREBELT, AEroAREE AR5 AR

LTRDD I ST B, PEF RIS 1T 5BIEXK,
Gcross ‘&, AX8)RXTRah, Eil(A4)~(A6)5K
*HWT, FETES.

IRABBAKE 2 B ) BB = A VF—& Eg i3, K8
BAREICBIT AP HKD 5.

Qropt QspD—~B= QBoG T Qpes (A7)
ZORDOEDE, 7V — LHED O UERFE OB
ZEE, A0, RAARKEY S A2 EERA~ORST
ZHETHAH. (ANREBEETL L, KEBAFA@ICE
IABBE TR VF—' Eg U TOXHITKEAS.

Ep=(PprEr+ ®pspEs+ PpcEc+ PpsEs)/

(®pr+ Ppsp+ Dpe+ Ppg+ Pps) oo (A8)

i =

A;: i HOEHAERE (m?)

C;{j=C, FE, F, SI): RiRBGEHTX (j=C), B
FVxy P OEARFHAVT A (j=FE), 7V—
LRI 2 (j=F), 27 7V REISEEA 2 (j= S
WEEIND iSO CETOEK

Cpc: RHFI# (keal/kg/deg)

E;: i @» S 0BRESHET L 7 V¥ —& (kcal/m®/h)
E;=4.88(T,;/100)*

Hy: 7 L— 4-2 7 B0 RIZRAE (keal/m?/
h/deg)

H(T) :RE TWBIA i NARFOLLY I NVE=

(kcal/kgmol)

AH,: 25°C 2B B i 7T ARG O R (keal/kgmol)

H;{(j=C, FE, F, SI):C,; Lk, &FAHD i1
SHADHEBEFOK

He: 25 ZHRb & 7 L — N8 7 2 L oUsE (C
~—2) (kg/h)

me: ¥y MUHE O, BICHT5BARN ZAREE my
=(Qc + Qore + Qrr)/ Qo,

0,{j=C, FE, SD:C,; LAk, &HFAWD i KFH
20 0 FF O

Qc, Qore> Qres Qo,» Qr, Qsr: TNENHRBGIENT
2, BEARTICEABTZ (CO), BEY = v bAD
BAAFTERT A, BEYV v b, 7L —LBRBET X,

25 7 FREBISER 7 X D& (Nm/h)

qF.L0sS» 4sLLOSS» QG Loss: 7 V— &, A7 75, $E
B A 22 O ZHEIIC BT B EIED (keal/h)

T.(i=F, GOUT, Oy, ) : BO B D 7 L— L # 2,
U1y MERBFTR, Vv b O fHh, AT TERE
(°C BT K)

Wenart> Wenaro : Wt O BUSFEI~ O R B L UL
Fmid o OPEHERRE (kg/h)

Xcir Xepi» Xeiy Xopi 0 TNENARMGHEST A, /&3
Txv MAOBARFEHRN A, 7L — LBREET X,
25 FRERISER T 2D i 5T iRE (vol%)

Gy i EA D j T~ ORIEBABEFTRINE (—)

r ep €5t FNENT L— b, HAEBMAR, 257
DEsE (—)

Yo, : V= v FMEFS O, DO b, RGO T IR T 7K
HIFET 2HE (—) Y0, = QrXr.0,/100/ Qo,
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