388

% L @ %724 (1986) 3B

WR EEAREESerZRET S e Es 0w
BRI O RRAT

nnmHInaTmanng

N

——a

E*-H B K ™

Analysis of Retardation Phenomenon in Iron Ore Reduction by
Three-Interface Model with Solid-State Diffusion Step

Kazuhiko KoBAvasH1 and Tanekazu SOMA

Synopsis :

In order to investigate the retardation phenomenon in iron ore reduction, fine ore particles were reduced
with Hydrogen gas in the temperature range from 650°C to 850°C by microbalance technique. Many
unreacted wstite particles, of which diameter is 0.58 um—0.76 ym, surrounded by dense iron were mi-
crographically observed in a sponge iron. Three-interface model combined in series with solid—state dif-
fusion step can simulate very well reduction curve involving retardation period. Permeability of oxygen
obtained by parameter—fitting method is in the range of 5.3 X 10~ g/cm s—1.6 x 10-12 g/cm s at 650°C—
850°C, which results coincide with previously reported data within a range of one order.
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Table 1. Chemical compositions of MBR ore (Xo: oxygen combined with ore

except for moist. and C.W.)

Component T.Fe FeO Si0, Al,0; Ca0O

MgO s P

Mn Moist. C. W Xo

wt (%) 67.97 0.32 0. 60 0.79 0.05

0.03 0. 003 0. 042 0.19 5.5 0.78 29.17

BB 57 I AASBERECTREE WM 60 £4 5982 (Received Apr. 9, 1985)
* ERIRBERER (B HHF 2 =0 s (B) HEHHED) (Graduate School, The University of Tokyo,
Now Technical Research Laboratories, Toho Titanium Co., Ltd, 3-3-5 Chigasaki Chigasaki 253)
*2 WEAZTH¥#M T8 (Faculty of Engineering, The University of Tokyo)
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Fig. 1. Experimental apparatus for reducing
single ore layer with H, gas.
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Fig. 2. Detail sketch in the reaction zone.
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Fig. 3 1 650°C, 750°C, 850°C mBETLRE T
0.5g ® MBR §#% 2NIl/min OKETREILL = BiC
Bohi-BTRMBHREO—FITHS.
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Fig. 3. Reduction curves observed with
microbalance technique.
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(a) Outer part of an ore particle
(b) Inner part of an ore particle

Photo, 1. Optical micrographs showing unreacted
wistite particles surrounded by dense iron in a
sponge iron reduced with H, gas at 650°C.

(2) Outer part of an ore particle
(b) Inner part of an ore particle

Photo. 2. Optical micrographs showing unreacted
wistite particles surrounded by dense iron in a
sponge iron reduced with H, gas at 750°.

L7z, 200 fEREOFERCIIHEBORTIIEH THD
P DTHEBY vARFEH LT 1500 51z kB EE 2

(a) Outer part of an ore particle
(b) Inner part of an ore particle

Photo. 3. Optical micrographs showing unreacted
wiistite particles surrounded by dense iron in a
sponge iron reduced with H, gas at 850°C.

.

Photo. 1 i3 650°C C&ETT Li-B—# AT O WEE
HTh5b. ARKTOINETTBIFLHMO BEE T 5
5. HEBCR2 2HBEVSBHHETH Y SBHANC R
ZHBRBHEBIZ T =A% 4 P ThHDB. ZOFEELT» b
SIEBHIEEN E 5 DT TE IRV AETER T L 85
% TEMLTEY, SERTERIIN ) ORE 2 =
T23DEBLN5DTCIOLBEMHEILY AEBORE
ISR E LT 5 LI E L L, Lo Tl
THHLDLHEEINS.

Photo. 2 i3 750°C COYRDHEEE THS. B
DV = AL FOEHEINT 650°C DER HXTx
BICRLIY = A2 A4 MiefREIRS X 51 750°C ©
DV = AX A4 FORNBRIZ D REL BRI &Y
T3,

Photo. 3 3 850°C CoOHADKEEETHS. BT
DIEHZ B LicATit, £BEHPCMAR Y - A
24 MYHRFRRBIRS. RNTFORLBEEE L BT
SBRHFHPCHKRY = A2 4 MRIFRED ZFR T
%,

33 Y224 PRFEOAE
EF A ECIBEREBHHCHER Y 2 AX A
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Table 2. Diameter of wiistite particle surrounded
by dense iron.

Photo. Temp. A B Average
Photo. 1 650°C 0.57 0.58 0.58 pm
Photo. 2 750°C 0. 80 0. 54 0.67 pm
Photo. 3 850°C 0. 42 1. 10 0.76 ym

F DRREDAETH B DT Photo. 1~Photo. 3 R L
eV = AX A PRTOEHAGEKAED 2WE L. £F
Hi oW TRz hEh 30 EORF DER MEKE
FREL, ThbOEMFELZY = A2 P ORIREERE
L.

Table 2 ¥ Photo. 1~Photo. 3 &2\ THIE LY
= AX 4 FORBFEREELCA,. BLRESEAT
BLEBHMPCE Y ZEhicy = A2 4 P ORETHE
KT AERCHB. &2 HTRTFORICHEE I IRHE
HEORKIEKE € 7 MPE S & ThE, BILEELIEEKR
B, WEO 2FREATS. Tiibbikikf
BBED LR WKEL D O TELHEE b LHF
L, ZOEMIBEIVNEVEBERE ., LSO TE
TERED ERAECKREO /NI KT ERILERILL X
RO Z DBINEDORE VR TIRENTEA LT
BREOKXECNTFHEDLLLDEELLRS.

4. EF NETHE

3 HiD EBRE R A HAT 5 D EHNEECRRED 2=
RE T T AN CHHIZAAR BRI e 7 A 28R L TER
{E & HLBeHREY L.

41 E5FY2T

Fig. 4 MBI RS S EPRT P O KiE
M BEEEZET MELCDDTH S,

ARRBTOHOERRFORNTELEL TS, G
XERE 7 DR THET LR TS CIEE o R
HTHIhY = AZX 4 PRIFHREDBEIRTVEET

Unreacted wustite particle surrounded
by dense iron

(a) (B)

(2) Interface reaction control period
(b) Solid-state diffusion control period

Fig. 4. Schematic model in an ore particle.

HRLTWAS,

BB THMOGFRMTFONEERELTHS., =5
ISR HEK LTl v BE e BB clEhiz v A
Z A R O S ANEAE Pk B R S o TS LT
WARRTFERL TS,

42 FHuR

Fig. 4 WR L ARORAED B B O REE @ BT
LWL%E &, ZTORORBRILEY R, Fh=RETT N
MLEE SR B BILEY R(), EMPALEEERD D
FHHShBRITRY Re() LThiE, £BTEBEYE
TERILEXL(3)RNTKE 5.

R(2) (0<t<ty)
f(t): RS(ZR(ts) (t=ts) [—]“'(3)
R+ (1-Rs)-Ry (5  (1>15)

Thebb (3) R 0<it<ts CTRERAEMEFT LD
A TR L, FZ] t=t; TRICREIHEE L, B2
t>6 Tk, REMNECTECKREB#FCE VBIRL
e AXAMNTFOLBECKE LETE (1-R)
ANEHATBEERIGC Lo TRT IR TV B ETFEE
LT3,

ok Ry(t) BREARLI-(4)RTHINS.

dR, (1) 3k
dt T2
1
T (I=Ry(8)) V3= (1—v-R, (1)) -1/
[1/s]---(4)
T k=D°C“*/d0- VM (FCO) / VM (Fe)
[cm?/ s ]
y=1—Vy (Fe) /Vy (FeO) [-1

7o IXRFZ ¢ OBERSBHMHCH IR Y 2 A XA
FOXRE [em], DCo* 11V = Ax 1 +& & b EHLEE
& BYAPOMEDFEME [mol/cm-s], Vy(Fe) &
Vu(FeO) 137 = A2 4 RUGBHKDO LW EhOHTF
725 [cm3/mol], dy 37V = A& 4 PCEENRBBED =
LEE [mol/cm3] THhHA.
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APFgeCE A Ukc/MNEA TR NILEIED & ER
BRI ERTEL LR TFHIETHENDTWHDT
RIGBEO=RE €7 M LA D TRILE R() it
Bl RIGEE AT A =2 -3 BRT5HEc Xhik
1 7. Table 3 KiRL7% Py, Pe,, Poy 1XFNTH
H-M, M-W, W-F P83 %5 KKET &KL Lic
KEOFHEHETHS. h b,y Kusasca-
EWSKI DB T — 29 MhHETE L.
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Table 3. Properties ued for three-interface model

R,=0. .
R, » 0.0425 mm) (Rp=0.0425 mm)

T P, P, P,
() -] —1 (—1
650 0 0. 498 0.734
750 [} Q. 304 Q. 689
850 0 0. 183 0. 649

Table 4. Properties used for solid-state diffusion
model,

Vu(Fe) Vu(FeO) do v
{em3/mol] {cm3/mol] {mol/cm?} [—3
7.11 12.1 0. 064 0. 041

B5. BOHSTFEV (Fe) 3HE 7.86g/cm?, H T &
55.85 X b 7.11g/mol LEHE LY., Y oAXxA D
DTE Vu(FeO) (3%E 5.65g/cm?, /T & 71.85g/
mol X » 12.72cm3/mol FEHE LI, ¥ ozx4
DERZRD E NVEE dy BIGOEFEE 5.2g/cm? K7L
# 0.04, MEHKE 0.2917, v o224 b aEhHEE
REDEBRTBERT 59 5 & 0.7 kb 0.064
mol/cm? LEHE L. ZDL Evix 0.441 LHEIR
5.

44 FHEE

VDR TTHE 2 RT=RE £ 7 ik 3EO RIGE
BT 2 =2 =, F BB TR 237 EH Ak
X (1)) C&8Fhs F CizBE 0 5:8E D,
Co* MEHAT 2 —x —L LTEY, 7o 7 13BEH &
R 2BERSBHHCTHEINI.Y 2 A2 4 VETFO
MFETHEN NI RBTH B O CTELEOH B
DI( ) ROBHMICEEND n2/2%k BFugA5 2 —
B— a LB,

LICH D T3 EDORIGEE T 2 —& — (key, ke,
key), ZREGEED b EMEALSEECBTT 5
DIRTLE R, THERMAF 4 —%— a OZ/E 5@
DREFTREAT A —X2—ThH5.

L LB S D A5 £ — 2 —HEBCIIRETS
BNDOT, FTHHORLEMBLFESOC=RE T+
CEEFNDSMMOKIGEERT A —F —DHZ B P E L
7o KEOHE TR IEORIGEE T 2 — & — & [k
CRRETERNDT key=k,, ke;=0.8k;, LIRELT
key KT REZ TRILEMBCRLRLAED Lok,
keyy key BRTE L. Tn¥s, B 0.BBYTHHERE
ZIFERCOME (0.8) nBETRMBELR S B#MT
EHDTIZDMExREDNR. koy=k, CEALTHREEDE
HNSCDORERFA L., COB=Z=REETFMZ LS

BEILEOH FEE R TR S ThIAD %0 T
KA Ry & L.

O LTHRBLICRIGEE T 2 — & —  (ksy, key
key) EBILE Ry EZ N THRIIOBTLEMGCEH R
LIEHMERATED X5 cBEHALBEERCE T h
BT A—F— a BREL. TOBRMELT TIRL
TLLBLERMBLHATE R VWHEEND SO TRLEX
Ry %EFTEFLTC A 2 —%— a ¥EERBCTHEEL
7.

Fig. 5 1% 650°C DR LTH bR TR w3
HRTGA—BR—T 4 97 4 VI/DBPREERELTCND,

EFTHOBRCRMBELFOCZRAFmEF gt h
DRIGEE RS 2 — 2 —BBRETH.

R LIIRIGEE 9 2 —x— (0.32 cm/s, 0.32
cm/s, 0.40cm/s) #» =RE €71 FESOCTHE L
RERMBTHS. HEMIMEE LY d KFVLOT
2ENIGCKRIGEE T £ — &% — (0.24cm/s, 0.24
cm/s, 0.30cm/s) ZFEOCETERMELETE L. =
DEITLEMBNAMB 2 THD., Lo L REEEIHE
BHLDHARZCOCEZ 2ENIVWEIGEE AT 2 —&
— (0.20cm/s, 0.20cm/s, 0.25cm/s) H{FOTHE L
TRTRMBELMES ThB., FHEMI BITEN 70%
FTCHEELXRLSFHL CH DD CRIGEE <5 2 — &
—% (0.20cm/s, 0.20cm/s, 0.25cm/s), [EHAILE
BITROBRILEY 0.7 LIRE L.

KRB DB ITLR MBI T B B3 A > T &
HARBBEREACS IS 9 2 —% — a #RELL.

BAR 4 X RICHEE < 7 2 — % — (0.20cm/s, 0.20
cm/s, 0.25cm/s), BEILEK R(0.7) #E>TETLRE
MOBIHCEDLEDLNL AT 2 —x— a % 10x103
SEBEVTHELABETRMBRTHS. BB EE

1.0
ON X
c
o
.-
g 06
E ?450 o2CNU i
— 4 _ 2 min __ |
g 0 Observed MBR0.5188 g
.g ~Calculated 071~100 mm
19
o 0.2
[T

0

0 2 4 6 8 10
Reduction time (min)

Fig. 5. Parameter-fitting procedure.
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Table 5. Data applied for curve fitting.

N ke, kca kcs Rs a
o (em /5] {cm/s] [cm/s] -3 [s]
1 0.32 0.32 0. 40 1 _—
2 0.24 0.24 0. 30 1 —
3 0.20 0. 20 0.25 1 —
4 0. 20 0. 20 0.25 0.7 10x 103
5 0.20 0.20 0.25 0.7 9x103
1.0
T "
<08 o=
o
k9]
506
g A
_ 650 °C
20.4—4 Hy 2 NUmin —
o MBR 05188 g
ks 071~1.00 mm
E 02} .;thl,_emed
~~ Caleulated
0

0 2 4 6 8 10
Reduction time (min)

Fig. 6. Comparison of calculated curve
with observed.

1.0 | ]
Py _'_—.
30 8 r"')
v
s /(
s06
o 750 °C
—_ Hy  2NUmin
g 0-4n MBR 05026g —
o 071-1.00 mm
2
51
UE_ 02 -—0bs|erved
—~Calculated
0

0 2 4 6 8 10
Reduction time (min)

Fig. 7. Comparison of calculated curve
with observed.

BREBEL D LETFINIVDT, RF4—=2— a X 9
x10%s WEX CHE LRV HES THD. FHEE
EETOE SBETEME CRIEEXYRSHB LTS
DTCZDOBRIERRT LTRIGEE < F A —&— (k,
ke, ke;) % (0.20cm/s, 0.20cm/s, 0.25cm/s), [FEH
RGBT DR TR R % 0.7, i BEHEAIA
BBEERCEIThD T 2 —&%— a & Ix10s L HRK
P L. Table 5 it LR ~7BBTRE LT
— 2 'R L.

=23 NEC PC9801F2 #{Fof-. =RE=E 57 LD

N /‘/‘)LO/"LH
Zos
cC
S /
©
S 06 —Observed
2 Py 2Nk
: min
'g' 0-4—Calculated T MZBR 050869 |
S 0.71~3100 mm
8 02
L.

0 , .

0 2 4 6 8 10

Reduction time (min)

Fig. 8. Comparison'bof calculated curve
with observed.

BERE S B B EfE%] % % 10s, 30s, 60s X Z5% C
HELLWERBIBEEAEEDL LR DIDT 60s &
L. ZOBO 1 AKORTRIBROEICHE LRI
10s CThHDot-.
45 EE&ER

Fig. 6 13 650°C DRELTHDORREILE O Rl E (B
(e EHN) LETECHELONCETEHMBELYHE LI DTS
5. B CERESURETEN  TREZEO—HKD
BEZBIFCHSH. Fig. 7 & Fig. 8 3xzhXh 750
°C & 850°C TOHBMERTHD. HETEHEDLR L&
TRME L AEEE O—ROBREIRIFTHS.
DlEoHEER LY, Z/EE 7 AET TIRRE Ieh
D BIOR ITCREBFRT S b B EHRS AR TR
Lte & 5 B PIA B AR Y =RE e 7 A fA S
PR L) BTERBBLRHAPTES L5900
7z,
4.6 D,C,* DOFH

FAEDBEBE DyCo* 1327 2 —& — a (=r?/2k)D
kegiEhTshie a BBRCREIR TV D TH
%7t TR ABREREBSHHTHER LY = AF 1 b
DRIFE 10 BHETEIE DC* HIRETE IS\,
F o CEE RSB HETHINRC Y = A5 4 P DREITTE
ERERRIEEETF M LSS ERELTUTDO XS I
e BRELIC.

HEREART L% t. DERTLEY R & Th
(3)RXD R Z(5)XNTEES.

Re=Rs+ (I”Rs)‘Rw(te) [—] . (5)

BLE R, £ R, BFEMTHHDT(5)XRID Ry
(t) BHABETHENTES.

—F, BELSBEMECHER Y A% 4 PR T
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Table 6. Parameters computed from curve-fitting method.

T ke, ke, kcs s e a o DoC¢*
] [em/s] [cm/s) (em/s] -1 -1 [s] [pm] [g/cms]
650 0.20 0.20 0.25 0.70 0. 90 9% 103 0.41 5.3% 1014
750 0. 48 0.48 0. 60 0.60 0.93 5103 0. 61 2.2x10°13
850 0. 80 0. 80 1.00 0. 60 0. 99 3x103 1.30 1.6X 1012

H 12)
R 1___.12 ara et alyy) "
3 Takahashi et af 1gM
10.0K 4 Warner19) >
— - 5 ancqiya etal ) &,’
9 | __6Szekely e all? @, 42
9 7Hara et alt g10
£ | £
< 2 43
o *10
X % .~
1.0 8, 1 I t work—e®
. {_ 10 |
Prese‘#ﬂ, work\ ;
TS 197° l
1 Kealmol 78 9 10 11x10%
| T (K
07 08 08 10 11 12

1037 (k7
Fig. 9. Comparison of present work with

previous data on the reaction rate pa-
rameter of wiistite reduced with H, gas.

By, RGBT 7 MEHED & TIEEIEIER n XEH

Lic = AZA PRITFONE re LETLE Ru(te) XD
(6)RCitHETES.
ro=r¢ (1—R,, (te)) -1/3 [cm] eereesieiene (6)

Tisbb, (6)RNTHEIhIL T =A% 1 P OFEIE
Brg ERXFA—K—~T 4 » Ty, VITHREL: a %
BARA a=n/2k CfRATB L kDR ED, LiAioT
kg Ent DC¥* »hi 3.

25 LCHRE L35 2 —x —% Table 6 127 L
7.

5. $/%5 X — & — R

5:-1 RSEENSA—8—

Fig. 9 37 = A2 A } -KkEROKIGICET5 BEaED
RIGHE AT A =& — key OREEREHED~1DRFLT
Wb,

s ENZ ARG R AR LTS, 650°C~850°C 1=
W 0.25cm/s~1.00cm/s & FHE S AT ZoRS B BE
FEDF—2LB3E—K LTS, bR EEL= 3L
F—i& 15kcal/mol EFEXhi-.

52 BMEOEAE
- Fig. 10 1% Kour LMK CHIGE LR © 5

Fig. 10. Comparison of present work with
previous data on permeability of oxygen.

BE DeCo* DIRERFMS 2R LT3, Kehiciy 2
ADEMR (A, B) WRIhTw5. BFAIL « #4E
B, EREBW r PR TAREEEEL TS,
—MEEROERTHEERRLS S S 2 & © SixbirE
TRRWESTHD., « HHZ AMEEELRLTCE D
KoHL BOERLAERB LIZIF—HK LTV, bhiic
D,yCy* 13 650°C~850°C T 5.3x10-14g/cm-s~1.6x
10-2g/cm-s LEHBEINL. FoEMEm 2L ¥ — 12
35 kcal/mol rEHHE XN ER B THRIN 57 keal/mol
CHNTPNIWEEZRLTHS. ZOREEIZE A5
TRWDERIDOBANC I B LD EEL T 5.

¥

BB ~N7bEDO MBR BRI X b 650°C
~850°C CREEL Lic & 2 ARIGIEEBTCRER CE
L7, a

(1) BLEBOB—ZGAENTHhOBITEMERCEER
TRBELY = AZ 14 PRFORYHE L& = ARERT
&9 0.58 pm~0.76 pm DOHFPHIH 5 .

(2) BIMAEHEERY=/E T 7 VI aA %,
SEINICETRMGE R HEEE B Ll o AHED
—~HOBREIIRIFTHS.

(3) =EFAHEIAEHEEOHBKIVRELEY =
AZA P-KEDORICHEE RS 2 — % — key 1T 650°C,

6.

=5
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750°C, 850°C T+ Fh 0.25cm/s, 0.60cm/s,
1.00cm/s TH 3.

¥ B EDOERE DCo* 13 650°C, 750°C, 850°C
TENTH 5.3x10-1tg/cm-s, 2.2x10-8g/cm-s,
1.6x10"12g/cm-s TH5.
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