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Unsteady State Heat Transfer Analysis of Lower Part of Blast Furnace with Liquid Flow

Zongbin SHEN, Kouki NISHIOKA, Tsunehisa NISHIMURA, Masaaki NAITO and Masakata SHIMIZU

Synopsis : Stable operation of the blast furnace much owes to satisfactory heat maintenance in lower part of it.

To make clear heat transfer behavior in lower part of the blast furnace, a new mathematical model has been developed. The feature of the
model is (1) treating as unsteady phenomena, (2) considering mass flow, heat transfer, and direct reduction of slag (FeO), (3) handling gas,
solid, and especially metal and slag separately with respect to accurate analysis of liquid behavior.

By the estimation of effects of various operational conditions on the temperature in lower part of the blast furnace, the following results
have been obtained.

(i) Change of slag (FeO) at cohesive zone makes much influence on temperature in the lower part. To keep stable operation, less than
20 wt% of slag (FeO) at cohesive zone is required.

(ii) The factors keeping coke temperature at center of deadman are (1) decreasing of slag (FeO) at cohesive zone, (2) decreasing of void
fraction of deadman, (3) increasing of temperature of cohesive zone, (4) increasing of temperature of raceway gas, and (5) decreaseng of O/C
at center. And the factors keeping coke temperature under raceway are (1) decreasing of slag (FeO) at cohesive zone, (2) increasing of diame-
ter of deadman coke, (3) increasing of void fraction of deadman, (4) increasing of temperature of cohesive zone, (5) increasing of tempera-

ture of raceway gas.
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1. ¥

WA, RO 2 BWGAA L K USROS 5 47
BOWEMAL R A B IR EOEEFREIC L > T 5, AL
P DTEMEL % MR L REREEARR S E 5 7-DITFEORE
BIZHENEH TMELIDBBETH 5, FLREIIRIETHE
WeE LT, (WFEI—2 2ANBYEE, (2P EASBTO
EHZEL, (3FE 2 — 2 A LHKkE DOHFRIEE, (4)1F
BT =7 2 EEMFeO &L DR IR L ENbIFoh b, A
s N, FFRNEBIZ A ZWN BB OIGRIT DTG &
MA, PR BIE BRI (FeO)DE IJILRIE D E A K
FWIZEEBSMIL, MAT, FENEIZH ARy
HBBEHIIDONTERE 2T, FEANDOBGAR A X Fiik
DHEPIEFIZRENZ LA/, (FODRBEEIZK
IFTREERCRICYORE 5 EOREBELRZHE NIZT 50D
b5 EfEEmTTTw 5,

BFEFLICLBMBTE LT, BILE2BEF b —4
LT IVACEER S DWERNET L 2 MAAR, FEN
DA THETEB AN L7, Austinb P, SF F— 4
LEFILELTAHERETLZ#FARL, BFEKEEDIF
THOBKEE S0 OOd 5, 727 L(FO)&H BIF#

27 ZOREIZO>NTIE, IS DOREH XN TN
55, HEHERTDH 5778, 1500°C L L TIZEIRIEER
UHREL BB EERSHOREL S, 72, GHL IR
ML 7HMRIZBEWTYE , (FFODHEAHFIEL T
3VW3A, EETFT -2 L0825 anBlE4 R Tkl
BERE TSP O T H 5 & F R £ TOILEF T(FeO)
BE A7 SOMWREFHEIEIA+5ThH 5,

72T, (FEO)A 7 7Dy F - KIGHBIZEH T 2 %
LB TSI D BB 4+ ZE L 7-&iF M2 XTI EEH
EFALERREL, METE FRKBRED X 7 7 (FeO)R I
a—o ZAKE, ZEEE, RRFFEOSEERFEIRE
ICRIETHELREL, TOREE L ERLT,

2. WMNERD 2RTHEEERETIL

EIPICTHES B0k, W8, 27 7% . TREIIAR
Y e, €y Egn K 19 BHRE LTS O, & 2 EKO
BOHA e L35, SHIOME, 30 %— . WIS,
FAMORIEAEN £ S8 L CEB S h 3, 727 LA
LT, 2% —HRAOS LMD Ko7, T 2T,
RO & O BRI DM B A58 4 RN R 12 465 LD

SER 1210 H 14 B2 P24 12 A 11 HS 3 (Received on Oct. 14, 2000; Accepted on Dec. 11, 2000)

* UK KFRE (Graduate School of Engineering, Kyushu University)
* 2 JUINKZE KR T #WF2ERt (Faculty of Engineering, Kyushu University)

* 3 i H AR (Bk) $HARFZ2AT (Steel Research Laboratories, Nippon Steel Corp., 20-1 Shintomi Futtsu 293-8511)

176




HoTn 35, HEEADEHIZH 725> T, UTOREZE R
2o (FADHNSE G L CREBIIEER, #afR2x
TTHb, (2)E%-Z2F7 /BOHHEERIZEREL kW,
(3)ERIZ LT, FIEBHPOREN- K 5 7HUIERE L &
Vo (4B FeO DR T — 2 2 & ORI LIS O KG
BEEL LD, (5)BIRISRMEH X0 gL 35,
REH LD Bz o0, B FBoH 2HihIHEE K
5720, AXMOAEEET S,

2.1 EHiEK

TR L LTE, Xk, B8, 27 2IZBY 5k

DA, Navier—Stokes DAL LTI ¥ —FREALZMERHL,

ARG K SHERUL 2170, TRl A A L TH
Wiz, ThoDXEAERZ, SMEHERAFITRL,
BHRA TR RNEERELS y TREZE S &, FFE
HWARRE, 2 XTTHREERIZE T 2RIFRIIRDOE TR
ns,

I (€ )+ o (g )+ L9 (re;p,v,v;)
at lplWI ax Iplulllll r a !pl IWI

LY AETAR
ax Y ox r or

RFOWEFi, j13, [k, W8, 272, EEHLT
ZNFhg, iron, slagB K Us k&0, yISTEEAHEDEE (1),
AF AR @), B, BLORET)THD. TERE
BUZA B IR T B 1, BRI TR (), B
NERTECpTH B, SITERETHO, EHRRFX
HVT, KEKICOVWTRENDER, BHb L0271
DOWTIREHEL LS, EHEORITEWLWTIIEHOAERER
ERY,

2.2 REMEEEIZER
2:2-1 SHE-REHE

BHRBLOZ25 7O F—LFT7 v FI3EZERST, &
W O WD AFTE % £ U 22 VB O Ergun R 7% FL
TS — B 0D S 2 i 4 A L 72 RTFLARFRIZ N
ML TR X 1, ﬁ;:(Fu,Fv)l:")L VT, KA TEERS,

E,0y |y~

A
(1_85)¢5ds ](uﬂ us)

if‘:’ F_)ﬁg—m- m-—)g
BEH LT OIF TETI i:’ — I ZADANPFTHEEIN T B
L7, FIHEBERMIT, fiqs 32— 2 25 REIRICHKIH

ENTWE 0, BRIEMOERTH4*ERTILELH S,

Z 2T, WiAROBKEIEHA S K0T -2 AR
FEANCEHME L, FEAEIIOWTL, A EIUa-2
2 G DI & WFNZ5F U 7.

WA ZE L AP LD IEE R (LB

2:2-2 XK-UEH, JE-2775
FEHARE H D KK - IR IR R OEB) BRI L T, Tk
AEFEOREE UTIRDHV, [P oEite LTH-

=8,
- 0. - - o .
Fqu =—0.75C,, ¢de[ ‘ug_ul |(ug =) e (3)
ZZT
—4.65
E
C, :(___9_____] Cpy crerereremesmmnsrnsnnnans (4)
eg +£imn + Eslag
24 C
CD:R_(10+CReCz)+..3—C ................... (5)
Sl 1.0+
Re,
C,=0.1806, C,=0.6459, C,=04251, C,=6880.95
od, .
Re, = "//Wg_u[‘ ............................................ (6)
g

Thby, FRIEFHISFET 2WEES, TR T2 RER
XN FIEEHIAEL 5 DR AMRHEEY & L7z,

EFAN Fﬂg—)l u/-—)y
2-2-3 [Ek-HKik
E-BEBOESHEDR#IZ DWW TIE, Kozeny—Car-
man D AN KX VR L 7z, 7272 LR, REDO TS
AfJ SIERIZ/N & RIS HRIAR D B HER DB IZ D <
IBIEEN7=2ROTH 5,

THb,

]

_ b |, —u, |(u,—u,)

Yy

(58+0.48°")

!

as—l

22T, B=(n/(p| @i,
ul—)j’Té%
2.3 RIBEOIEH

rh:(£1¢sds/6£s)9 FLTS—)I

FMHMOEME, UToOdOHEEHZRHML 2. £,

F F. D EHEIZDWT, XATIHMENh 35,

Ts—g * Ts—b 71—>g

FHLSOMAbEIZDONTE, BURK &V F =—F,,

LEHfix s, ==L
Uy,

22T, iron& slagDRRIER(7T)TIMGL 72, /48
MBI O xHRIGEFR L, Ranz—Marshall DX 'O TR L 7=,
By hy g by i2 DT

, iron-slag IO HAAERIZERE L &

s—

k.
ki :yd_'(2.0+0,6Re}_j/2 pri”3) .......................... (10)

J

381 N



I 352

$k & $A Tetsu-to-Hagané Vol. 87 (2001) No. 5

ZhPSDOMAEDEIZDNTIR, b =h_ & L7z
ZIZT, MERKEy L LTo2A&FALZY,
2.4 FeODETRIE
AR TIE, KIBZY 244 FOEERITLOALEEZREL

T3,
(FCO)+C(C0ke)=FC+CO ...................................... (1 l)

Rl 2 2 4 P ORI — 2 202 & B EBETTO KEE
13, BUTFIZ/AR 3 Miyasaka 5 DR PEH WA Z & IZ LD F
L7z, =77 LIbRmMAE, 23— 2B FHEkCH
LTZ7 78w 58AE& LTE LR,

R*:klAs(NFeO)OASS ................................................ (12)
k’:0278 eXp(11554_19980/];) .............................. (13)
£ 6¢e
A = slag P (14)
gslag + eiron + Egas ¢.\‘ds

FLRIBBAHZUTORYTEASZ L1280, RIB#H
DURFE RS 2 FFAM L 72

AH=155060-+4.19
X(—2.857,4+0.85X10 3/ T2+2.66X10%/T,) ----++--+- (15)

2.5 FBITICAVYIEE

2:5-1 Xk

Sl S N R A LN
L7z,

P,=exp(5.8674=10g TP /(1.013X10%) +-rereereereeeneess (16)

Cpg=9.5836><102+1.7113><107'Tg ........................... (17)

1,=5.2451X107°+4.6825X10 '7,~9.1627X107"'T,} ---(18)

k,=6.0959X107°+7.1147X107°T,—9.1205X 107°T,+-++-+(19)
2-5-2 [k

3— 7 ZOHPMHEEIZEE L TR TOF— 2 DEERAL
77,

Cp,=1.9729X 10°+ 1.99447,—9.9758 X 10~4T32
+1.654X1077TS3 .......................................... (1)

/2, I 2B LCHLOBXMNAEET 5720, £
nEhREE IR 2 5 A 72,
2-5-3 FEHBNARIERERE

FHBNANMZEE £ 3, LT XS I2RD 7=,

Y, -7 2R TORRBEEIIXXOTEL 6N B,

Keoe=(—7.59X 107 +6.34X 10 T,)(1—027) +-oveereeenene 22)

ZIT, aldA-s ADKRIAETH S,
KRR & G A 7 TSR Y BRI k(3 [ -

Smith DR, 5 3K¥ 7=,

e =(1—es)(1+ e }L T (23)
k, k, 1 L2
l hrsds 3kc:oke
R R M
Dk,
ZIZT,
3 3
b — 02268 (TJ L 02268 (T)
o 2—el 100 ) -, 1—e | 100 )’
1+
2e, e
TSR, oIIK TRIEMAESOEMETSH S, Th
5, -0 AIGEMBREE k(T RATHE L 7=,
k :k.ve/ 8v ........................................................... (24)
2-5-4 BEHOYMEE

BHOPMHEIZ OV TIE, XK O TOMEEFERL
726

Piron=8.586 X 103*0-8567}0“ ................................... (25)
CPiroy=896.0 v veessrmssrreesniiiirtte s (26)
Niron =967 X107 % exp(5.89 X 10%/(8.3 1T, ) -=--rversreeeseee 27
Koy = 00158 veeersnenreessmmnneesssinieetiii (28)

2-5-5 27 70OWMHE
25 ZOPHHEIZ DOV TR, XEY L D BIT Ol %2 #H
L7,

Pitag=2620.0(1.0=X;0) +4800.0X g o ooovereeemsesseeeees (29)
Kgag=0.57 +orvserssesseiseis it (30)
CPygag= 1050 +oerreeessessissiisiiss i (1)

ZZT, Xpold X7V HOFODERDETH 5,

27 7OMEOHERITBRIIHE<MEEN TS,
RIS YL, FeOR B E AW T 7 OKEIC, FeORIFHE
ELTHMMEEARLBZZEIZED, FROREL AT 7D
HEOHERAB TS, LArLEMEEDTFALKEN
Z &, EE1500°0C Yl Lo EIRMNICAE L 2354, KiE
BEBIZLEATEIRS VNS B, £ T, FeODHRMIC
KBT'BLUT?OHDOBREIIZEL L W E{E L FeO
ORBIZHHTIHEEZF /IR ITEILICKOLTOHE
AEH

log,g 751,4=1.7089( WCaO/WSiOZ)Z —4.7419(W oo/ Wsio,)
+0.9331(Wyye0)* — 1.8862(Wyye0) +7.9909(Wy )
—LO317(Wy 0)—4.0(Xpe0)

4.2687x10° 2.6754X10°
+ F0.2575 ceeereeneens (32)
(Tuag—273.150 T, —273.15




20 ,
N — Eq. (32)
\ 0 — = Ishii ®
O (FeO)owt% ¥
° 5
16 A 10
A 15
o 20
12 N .

Viscosity (poise)

i
1500

0
1300

1400
Temperature (°C)

Fig. 1. Comparison of measured viscosity of slag with es-
timated one.
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Table 1. Values used in calculation of base condition.

0/C 465 )
CR 353  (kg/t)
PCR 150  (kg/t)
Productivity 222 (/d/m°)
THM 1521 °c)
sV 290 (kg/t)
Slag (C/S) 1.31 )
Coke Diameter

deadman 30  (mm)

dripping zone 40 (mm)
Volume Fraction of Coke

deadman 62 %)

dripping zone 40 %)
Dripping Temperature

Metal 1400 (°C)

Slag 1400 (°C)
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1750  (°C)
Initial Temperature
deadman 1500 (°c)
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Fig. 3. Comparison of measured (FeO) at tuyere level with
calculated one.
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temperature and (FeO) at slag surface.
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ous point in blast furnace.

1600 . , . , . r ;

1500

1400

Toug at taphole (C)

| 1 1 1 1 )
10 20 30 40

1300 L
0
(FeO) at cohesive zone (wt%)

Fig. 6. Effect of (FeO) at cohesive zone on tapped slag
temperature.

Fig. 512K % &, BIE#H» ST 5 2 7 2 (FeO)DIF N
ARIERIZNI5%EETH D, Zhl O T (FeO)RE I
FIREICHBWT, AFF -4, X35 -0—2 ARG
ICGEILE NS, MDD 2 5727, X 2 LR OIRA L X
L% 1450°C ERE X T 5 L, Fig. 612R o3 &5 I
HE TR D X T 7 (FeO)NZ 20% FE R LI HI 83 5 2 E A3
»H5,

W27 7 (FeO)=20%13, BERESLILPEMBEICZLS
A, BICEIT U THI9S% EEICHY T 5,

3.3 FEAGRICRIEZTERTFOZE

FONBREICRIETHERFELT, L2942 5
DEBHAZED -2, X535, XA ZNLDREAR,
AT A AN KBREABHTFO5N5, AiEIZHEL

T, 2= 2RERIFEEANZERE, 27 HFPRETHD,

HEIZOVTIX, 3- 28T RREZDBHEF X T 7 (FeO) &,
FEFEOICHMIHES BEFROEESTNEZL LN
50

EFRETIFEROBORE AERT AEMICH D,
22T, PO SFRERC) - BEE LD 2 — 27 Z(A),
25 VBEBIUPL -2V AENB)DI—T A, AT

181

RN & LR L 24 SO IR E FZEET

1650 T T T T

1600 |- T
1550 % ’
[
o 1500 - —&- Slag (A) ||
2 —o- Slag (B)
©
[ —a— Slag (C)
2 1450 H
g I —O- Coke (A)
= —O- Coke (B)

1400 - —— Coke (C) |

1350 |- 1

1300 . —J. L

0 10 20 30 40 50

(FeO) (Wi%)

Fig. 7. Effect of (FeO) at cohesive zone on temperature of
slag and coke.

1650 T T T T T

1600 -

isso L ’/o/*‘—“ —
o —— Slag (A)
o 1500 | —e— Siag (B)
.g —— Slag (C)
S 1450 - —C— Coke (A)
£ —O— Coke (B)
l_

1400 [_ —— Coke (C)

1350 | ¢ % ]

1300 I Il 1 ] 1

15 20 25 30 35 40 45
Diameter of deadman coke (mm)

Fig. 8. Effect of diameter of deadman coke on temperature
of slag and coke.

TmEICEH LERTORE LR L 72,
3:3-1 X 7(FeO)& & IFSNEE

Fig. 712k % &, X9 7(FeO)H 20%f2E & TO EFHIEFIC
SIPREREES & P S il AR K T4, —H, 5k
52T (FeO) LRIE, 25 7 MMEE T T 5720, FEN
TOREETIRED AL &5, BEAOWEEIZDNT
K T ERIZ S B,

3-3-2 T—2 2KE I K OIA SRR

I — 7 2K % 30mm~50mmFEE £ TE S E 2D
KFREPIRIE DT R % Fig. 8127,

T — 2 2R 4 KEL LEEA, PoifEoa—2
A, A7 RBRFLEAEELEVAD, L—-2T Ak
FHOME TITERILL T 5,

R EIZ DN TE, BXRRMICEE LY RITTER
ERTFTH B, FENIa— 2B EAHERLI—2 2
Ry N LR (BEENET) § 5% T3 Fig. 912/
FTEID, V=2 Y 2 A EFOREIZET L, FrhoRE
I ERAECH B, Zhid, IFEAZERED R ICHEOER
WTOHORT I FEEME T T 588, FRESBISETS

385 I



I 386

S5 & 4R Tetsu-to-Hagané Vol. 87 (2001) No. 5

1650 T T T T T T
1600 _
1550 ‘& 1
3
)
5 —@- Slag (B)
‘g ; —4— Slag (C)
g 450 - —C— Coke (A) ]
@ —O~ Coke (B)
1400 —— Coke (C) ]
1350 - W—‘ |
1300 i N 1 1 1 1
40 45 50 55 60 65 70 75

Volume fraction of deadman coke (%)

Fig. 9. Effect of volume fraction of deadman coke on tem-
perature of slag and coke.
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Fig. 10. Effect of temperature of cohesive zone on temper-
ature of slag and coke.

(FeO)RM D L&D, (FEODBEITLKIEAHAD TS Z &I
EHRT 5,
3:3:3 WFAT2, AANLIBELEITLV -0 24 4R
REORE
A7, A ZLHETRE EFIC XS FRRENOZE %
FAE L, Figl0IInd, FRIEZ 5 ITFEHhOE L &
BT BT 52, FRIOFENEBOFRIIEETH S,
V=29 2 A HARE%* LASIEZ T a v &EBL
BAICE Fig IR &IV — 2w = 4 EEO R B
EHAKE G, ZO-HTHFEPLRED LR EFEE T L
W, ZOZ &, A ATNOIFETLIRE I RIETHER
KREL BN HTRET S,
3-3-4 272, AANE TR XUCFEHTHEOCOME
HSEI AN 2 E L, A S RICHE T S B -RORE
A Fig 121287, FEREELICRIZTHE I a5 7=,
ZHEIHBFHEN OB EZBEL TOAEWI EXRELT
WAHBEMR B O, SHRBEATOBEYRDH 5,
72, FHL2 5 2mOEFED O/C % 46505124 L &

1650 T T T T
1600 / i
1550 |- —
[—@- Slag (W)
5 1500 |-@- Slag (B)
< {—&- Slag (C)
g 1450 [—CO- Coke (A)
& =0 Coke (B)
2 1400 ~ — Coke (C) |7
£
& 1350 - M 1
1300 | -
1250 | g
1200 . L

1 1
1600 1650 1700 1750 1800 1850
Temperature of raceway gas (°C)

Fig. 11. Effect of temperature of raceway gas on tempera-
ture of slag and coke.
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Fig. 12. Effect of productivity on temperature of slag and

coke.
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Fig. 13. Effect of O/C at center on temperature of slag and
coke.
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Fig. 14. Effect of each factor on coke temperature.
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