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Kinetic Analysis of Hydrogen Reduction of Various Hematite
Pellets on the Basis of the Multi-stage Zone-reaction Models

Munekazu OBMI, Masaaki NATTO, and Tateo Usur

Synopsis :

Hydrogen reduction of various hematite pellets (firing temperature, 1100°~1300°C; slag content,
0~10 wt%; basicity, (wt% CaO) /(wt% SiO,) =0~2; total porosity, 0.05~0.45; reduction temperature,
800°~1000°C) is analyzed by using the multi-stage zone-reaction model (MSZR1 model) and that
with solid-state diffusion of oxygen dissolved in iron (MSZR2 model).

In pellets having wiistite particles encircled with dense iron (particle E), reduction curves and
boundary radii calculated by using MSZR2 model agree well with experimental data up to the final
stage of reduction. In pellets having almost no particle E, such as the pellets of basicity 0.5, the
results calculated by using MSZR1 model agree well with experimental data. It is quantitatively con-
firmed that the reduction rate in the final stage varies according to the amount and diameter of particle
E and to reduction temperature.

Expressions for chemical-reaction rate-constants and effective diffusivities are presented as functions
of temperature and porosity, respectively. Moreover, the analytical method for the hydrogen reduction
of any hematite pellets is proposed; reduction curves for other pellets, such as Hamersley pellet and
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laboratory (acid and fluxed) pellets, are estimated well by this method.
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Table 1. Some properties and analytical results for various pellets.
(a) Pellets with different firing temperatures, slag contents, and basicities.
Reduction Firing Basicity Slag Swelling 27e Fy DodCofre(x10%) fo .
temp. (') | temp. () =) (wt%) (%) ) &) (g/cm®-s) (Zy | Cese | Fe
0.0 10 10~15 5 0.5~0.6 2.3 0.52 El 2a
0.5 10 7~12 — 0.7 — — EO 1a
1150 10 10 6~12 6 | 0.55~0.6 1.6 0.50 2b
1.5 10 6~11 8 0.6 0.9 0.54 2 1b
20 5 10 8 0.6 0. 90 0.70
10 10 8 0.6 0. 90 0.52
1000 0.0 10 10 7 1.2 E2
0.5 10 6~10 - 0.8~0.9 — - EO 1c
L0 5 10~20 10 0.7~0.8 0.55 ja
1250 : 10 7~9 10 0.6 0.31
15 10 6~10 10 0.7 0.58 0.43 E3 1d
20 5 7 10 0.7 0.40 3b
10 8 10 0.7 0.43
950 1250 2.0 5 6 7 0.7 0.39 0.60 E3 3b
0.0 10 6 12 0.66 2a
1.0 10 7 0.91 0.66 2b
1150 1.5 10 7 7 0.6~0.7 0.91 0.66
20 5 7 0.91 0.70
900 10 7 0.91 0.64 g2
1.0 5 :// g. 9% g. gg 3a
: 10 X .
1250 15 10 5 7 | 07~039 0,91 0.66
2.0 5 7 0.91 0.70 3D
850 1250 2.0 5 6 4 0.7 0.68 0.70 [E2 E3| 3b
0.0 10 5 0.20 0. 60 2a
1150 1.0 10 7 4 0.6 0.32 0.66 2b
300 2.0 5 4 0. 32 0.58 3
10 5 4 0.32 0. 60 3a
1250 50 2 6 h 0.6~0.7 0 3 o 5o o
(b) Pure hematite pellets
Reduction temp. Firing temp. T. Porosity Swelling 27 Fu DodCa/ri(x10% A .
) (© ) (%) ) &) (g/cm™s) (& | Cese | Fie
1300 0.35 10 0.58 0.9 E3
1300 0.26 30 8 0.2~0.4 0.9 0.8 E2
1000 1100 0.28 9 3 0,5~0.6 6.4 El
0.16
1300 o1l 6~9 — 0.9 — - EO
1300 0.44 4 2.8 0.7
900 1300 0.30 20 4 0.2~0.4 2.8 0.7 El
1100 0.30 5 4 0.5~0.6 2.8 0.7
1300 0.11 5 0.9
1300 0.37 4 0.32 0.77
800 1300 0.26 10~15 4 ~0.4 0.32 0. 80 E3 s
1100 0.29 2 2 0.5~0.6 1.28 0.75 Bz
1300 0.11 2 2 0.95 1.28
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1000°C © 10% ¥ Th 5.

DEDSEHEZ LB E, A2y vriDkEh~<V, b3
E, FRRBILRCHKINAEL, SARVAELL
v MZE, Fn BVNE 1B Ehb, Fy Offins b~
FAr-= 73 EA FBRETHRILAT AMEIE 5 ©
RKEILDHIBEHETES 422 HER).

3. B W K &

SBRIGE €7 L (MSZRI =5 1) fx b0 EERN
BBEERLIEBRRILEEF v (MSZR2E 5 )% 0
R, TR L OB R &M SO BT FIRC DT
1, BIERPDIEHERLTCHBEOC, &2 TIREHET S, 72
72L, MSZRI ®5,1 & MSZR2 =521k, £38
ERABONTH BRI DTN ST, BRABIK D
T, LUF, MSZRI =5 L ClL r35, MSZR2 = 5,1C
o ELCTRYT 5.

W€ T ADEBERME L T FhOBRACHLET
SR F ORI L OXIEE DD 2F L T 5 DI,
Photo. 1 AR ARLTH <. vy FHOH HLEH
NESADOTHBBE LI L X, ~~ x4 VRTHES
WHATAME nicl, <7324 PRFINZIENEE

700 .
0 c

hem

MSZR1 -
MRl m i (3) £4)

MSZRZ 1) 12 (31 | W)

.
eli_ :

mo

(h, hematite; m, magnetite; w, wiistite)
Photo. 1. The correspondence of plots(ll A A@Q)
to the boundaries of micro-structures of pellets B2
(see Table 2) reduced partially,
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Fig. 1. Comparison between measured and calculated reduction curves and boundary radii.
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Fig. 2. Comparison between measured and cal-
culated reduction curves for pellets indurated at
1150°C. (V=10NI/min)
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Reduction time (min)
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Fig. 3. Comparison between measured and calcu-
lated reduction curves for pellets indurated at 1250
°C. (V=10N{/ min)
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Fig. 4. Comparison between measured and cal-
culated reduction curves for pure hematite pellets.
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i) Case El : D,dC*/r?=2.3x 104 g/(cm3-s) =z m
56, BILERKY B% LB Iebiov & BTEED B
FBISWAIR bhigys (Table 1, Fig. 2%8). MSZ
Rl =7 AR IZBITThH, AETRMEE TORBTYE
et ECns. Tz 3, NFEREEL, B
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ii) Case E2:0.9X10-4<D,AC*/r2 < 1.6x10-4g/
(cmd-s) Z DA, MSZRI = F i L AWIFTH, 2
TRV %% CORTEE & BT E T\ 5 [Table 1,
Fig. 1(b), 2~4 £&].

iii) Case E3 : DodC¥/ri<0.6x10-4g/(cm3-s) =D
56, LR 80 BY LB CEBTEEDEZE K
P TTC %, [Table 1, Fig. 1(d), 2~4 £M].
CDX S BETCEENL, EMHALBROBELEEL T
7e\s MSZRI & 7 A X B 8H CIEE k< E .
4.2 NRS5AX—4

Fig. 513, 41 S0t fif U L2RIGE B %
BEADBBABOMEY KBTEDO= L, + DLKILK
2 KHLTTr,y FLEELDTHS.

4-2-1 (LERIEEETHK

Fig. 5 w5, (LEREEEERCE KILKCH
THHBEIIR bhisw. HEe LTk, 1250°C cleR
LIt~V bD X5 CRETLHTHASILD 5 VW IEEED
NEIERAEELFHO L, DR 52, BSOS
VIS0°C TR LA vy F XD 3 ET/II Rl RL
Twd. F75,1000°C BILTIE, R XA b b BYPEAD
LR EER FB 13, SRR, EEE, x5 78
RO CTENFRRD, kB ofEs 80s-1 [T & 100s-1
DED2on 710~ 7wBihs. 38, 3 cERE
BEE1250°C DI 0, 1~2 D=1y, FChY (S —

FA), $HBEZ, BLic1150°C THER LSV, M
DO~~~ E A4 b2y FTHB (A —FB), 2
DD N— TN BEFERE, X0 h L3, —o
CRIREREE DR X 58 EL bhb. Fig. 6
& EERICEEEROREKRTFHEZ R L O TH
5. ey b[IE, EESVy rOREEBEEROEY
FBLILLDTHY, Hgo LR, TRITRAE, &/
BExRd. kB monwtonxk, LE2OD 71— FDEF
hZhOFHfEER 800°~1000°C wk\TO & @THE
~LT.
BEERIEEEER DR ERFHIARNTEINS.
k11=exp[8.18—8.21x 103/ (RT) ]
kl21—exp[10.2—14.6 X 103/ (RT) ]
exp[10.9—-16.0x 103/ (RT)]
(1073<T <1173K)
exp[5.14—2.6x 103/ (RT) ]
(1178<T <1273K)
ceenenenenen (5)
P — 7B : kBBl=exp[12.7—19.4x 103/ (RT)]
- (6)

i —TA :klBl=
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DTHRLD. 2O ik, FHIBEEKRCOWTLE
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T B T5LUTOL 5B TES.

1300°C THER L -£KEK 20% Ll Eojfifk~<
AL F2Ly MBI 1150°C TR LNV, } T
X, RETHCEOCTHIAEZE {Hb, JILFLE L
AE L ETHDIcD, vy P AXVABRIRE T
frbhb. D, Fig. SKAbh3 X5k, £BL
b RILEDHR > THEDIEBGRB OB, K&k
DT 5.

—F, 1250°C TR LIEEE 0.5~2 oL,
7t bORERAR 10% FigOMBE~~<F A F 2Ly b
DEH, FRELHTHASILER 0.2, UTFo/hai
SflExbDO2r, TR, £2FROE L BT, 2v
y P AT AIEBIBETAKR . 2D, FH1IBOKELR
PEEREREL Dell iy, KILBEKFHITR DRz, Lo
L, BILETT S LER 1 D EOKILIEE S FE
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Fig. 5. Total-porosity dependence of chemical-reaction rate-constants kli], and effective
diffusivities D,[il for various pellets reduced at (a) 1000°C, (b) 800°C.

TeBicd, HBEOEYLBEREOMEE Dl1<Del® W IBOBRIIRP CH LTS vy P L. BLRE
< Del81< D1 OB E LT\ 5.

13 2z rERVBAOBERRIER, FHH0STR  BHEEL

B2 CHR Yy HOH LTRSS £ 0 EOREDEIATERNS.
gg%fz I p) ’éﬂﬂ‘ﬂl%ﬂ‘?‘é 'fC?iJVi, Del1l @%{Eﬁi, si(w) ze;)un .{_0_155,4(1._si(m)............@a)
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\}\ Eq(3) \&
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Fig. 6. Temperature dependence of chemical-reaction rate-constants k[il,

1000°C 5w g bh ey Fig. 7 iRkt 5.
900°C, 800°C iz o\ T & AEDORIFENE Dt B#H
KALERIL, A=) v 7B BWTERIC X 5 RILRIEK
DEERERIRTHRWD, Fry MIEL2ET, Fy
CIDTHELI [11~[]1 ® 32D 55— 7t
LTRAlEh, kA CEHECTX.

1 000°C : De=aX e21X Dy, _y,0 +eoeeeeee (7)
900°C : Do=bX e2-43X Dy, _gg,0 +veveeeees (8)
800°C : Do=¢Xe2-8X Dy, _p1,0 ++oreveeees(9)

[I1 a=2.06, $=2.04, ¢=2.19 - eeeruerneen. (10)
[I1 a=0.72, $=0.68, ¢=0.73 -weeeveeneenei(11)
[M] a=0.44, 5=0.43, ¢=0.46 -eeereeeeeeii (12)
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Fig. 7. Porosity dependence of effective diffusivi-
ties Do; notations are the same as in Fig. 5.
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Fig. 8. Comparison of estimated reduction-
curves with experimental data.
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Table 2. Some properties and chemical analysis of pellets and parameters.

Pellet Firing Basicity CaO Si04 Al,O;

ey ALY

Reduction Fu D. ]

temp. ("C) (D) wt%)  (wt%)  (wt%) (=) (g/em®) temp.(C) (-) (cm¥/s) (1/s)
Hamersley — 0.0 — 5.1 2. 96 0.21 4.8 1 000 0.5 Eq (7), (11) Eq.(3)~(6)
A 1280 0.052 0. 065 1.25 — 0.22 51 800 0.3 Eq. (9), (10) Eq.(3)~(5)
B 1250 2.14 1.62 0.75 — 0. 24 5.1 1 000 0.5 Eq. (7), (11) Eq.(3) )~(5)
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Fig. A1l. Porosity dependence of effective
diffusivities D,; notations are the same as
in Fig. 5.

i =)

B : ERE=(wt% Ca0)/(wt% Si0,)

ACY  SRBNRRH O A X 4+ LT 5 &bz
ELHEBNERORMEET %P BREE
D% (g/cm?3)

D, : BEhikE R (cm?/s)

Dy,-m,0 : Hi-H,O FZ o4 Fih#tthsk  (cm2/s)

Do: &BEICEB L -BBEOILERE  (cm?/s)

do: VAL L OBREEHE (g/cmd)

dy: Xv o, FEE (cm)

F:gxxk (-)

Fpi~=214 0kt sETE (=)

iR 4 P EEORERTE (—)

ﬂ=h?'KﬁE?%ﬁ%®7154F§$®ﬁi$
=)

KO i Bl 5L ERISEEER, 27 L
Ka9=0 (1/s)

R: ¥ AEHK=1.987 [cal/(mol-K)]

TRV FPREFEFEOEE  (cm)

oI BBTHEIVBMERLY R 44 LT (WFE) o
$E (cm)

dre : W TFENOBKBEOESL  (cm)

it BIBLEAFDEOBERER. 27 L, MSZR2
EFTNMTRTIEIRLEIROER LRI’
ZHLTCRBILAZ  (cm)

rpt NV oy FEFE  (cm)

— 48 —



BREA~NEZAMNV y VAERETHEOSBRISHE T FAICL BRI 555

S 25 FB=wt%CaO+wt?%Si0, (wt%)
T:&TiRE (K)

Te: ERIRE  (°C)

t BRI (s)

Vi : XosyF7R  (cm?/mol X)

e T R/ILE (—)

(m) (W) (Fe)

€p 5 €p 5 €p PRI REAL, v AEA b, SREXRE
CxiFsHEmaLE

PFe05 - ~¥ X A P OHEKE (g/cm?)

pp: XV .y POHEEE (g/cm?)

IRFEIE

i EREHEOBES2TRT.
hmw:~<&4 b, =7 %24, VRAEZAL } %K
7.

X [

68 (1982), p. 1503

3)

1)

5)

6)

7)
8)

9)

(1982), p. 592

s —, WERRE, MEHER: gL, 66
(1980), S2; 69 (1983) 3, p. 363

WILE—, WK, AREKE, mHfTE: &
W, 67 (1981), p. 1943

R. E. CarteERr: J. Chem. Phys., 34 (1961),

p. 2010

L. von BogpANDY and H.-J. ENGeLL: Die Re-
duktion der Eisenerze, (1967), p. 127 [Springer-
Verlag, Berlin/Heidelberg and Verlag Stahl-
eisen m.b.H.]

HAXE, HLERE: gL, 65 (1979),

p. 1692

i —, HEFRRK, NIRME, EERE: e
$W, 64 (1978), S77

M. Oumi, T. Usur, Y. MinaMiDE, and M. NAI-
T6: Proc. 3rd Int. Iron Steel Congress, April
1978, Chicago (1979), p. 472 [ASM]

— 49 —



