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Multi-stage Zone-reaction Model for the Gaseous Reduction of Porous

Hematite Pellets

Munckazu OHMI, Masaaki NAITO, and Tateo Usur

Synopsis :

A mathematical model is presented for describing the multi-stage reaction of a porous hematite pellet
with a reducing gas on the basis of the IsHipA and WEN’s intermediate model. This model represents
non-topochemical behavior; cross section of a pellet is devided into four layers—iron layer and the
three reaction zones of hematite-magnetite, magnetite-wistite, and wistite-iron layers, in which chemical
reaction and gaseous diffusion proceed simultaneously. Semi-analytical solutions to reducing gas and
oxygen concentrations in 2 pellet are derived and fractional reduction and boundary radii are calculated
numerically. Acid and basic hematite pellets (porosity =0.23) were reduced with hydrogen of 5 N{//min
over a temperature range 700° to 1000°C. Calculated reduction curves and boundary radii agreed
well with experimental data except in the final stage of reduction of the basic pellet at 1000°C.
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Fig. 1. Sketch of multi-stage zone-reaction model in
(a) the Ist, (b) the 2nd, (c) the 3rd, and (d) the
4th stages. (h, hematite; m, magnetite; w, wistite)
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Photo. 1. Macro- and Micro-structures of pellets B reduced partially. (5 N{/min)

(h, hematite; m, magnetite; w, wiistite)
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Table 1. Some properties and chemical analysis of pellets,
Component T.Fe FeO Si0; Al,O3 CaO TiO, MgO P S Others
Pellet A 68.1 0.218 1.252 0.441 0.065 0.030 0.036 0.012 0.001 0.733
wt9
Pellet B 67.5 0.216 0.753 0.334 1.62 0.028 0.020 0.010 0.001 0.758
Pellet Total porosity Open porosity Apparent density True density
- (=) (g/cm3) (g/cm?)
0.22 0.21 4.0 3.1
B 0.24 0.17 3.9 5.1
700 o 1.0
E A\ <%
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PR \. g \ ‘-._\ 'r\ r
08 \\ s 7 _\‘\ 3
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3 7 osl AR,
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N e \ i
0.2 { \ v
o 1\
;= o 0 02 04 06 08 1.0
o) Fractional reduction F (-) ©
O L 1 ] ) ] .
h 0 5 10 15 20 25
1 ° Reduction time (min) @
(@]
K1, 02) 3] p 1 pf21 131 p L)
65.6 69.6 103.4 1.2 1.8 2.0 8.0
0 ¥ ———— 131.2 69.6 103.4 1.2 1.8 2.0 8.0

3

w +Fe

Fe IE
t

" Photo. 2. The correspondence of plots (HAA@O)
to the boundaries of microstructures of pellet B
reduced partially, (5 Ni/min)

(h, hematite; m, magnetite; w, wistite)
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Fig. 2. Influences of parameter values k11 upon
reduction curves and boundary radii.
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-------- 65.6 69.
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Fig. 3. Influences of parameter values D,li]l upon
reduction curves and boundary radii.

Table 2. Influences of parameter values A1) and
D) upon reduction curves and boundary radii.
(5 NI/ min)

Reduction curve Boundary radii

Kinetic

Initial Middle Final ) ry r3
parameters F<0.2 0.2<F<0.7 0.7=F

A1 O A X A X X
k(2] A O A O O X
k3] X O o O O O
D, 1] A A X O O X
D,[2] A A X O O X
D3] X O ] X A C
D, 4] X X A X X X
QO :large, A :small, X :non
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0 10 20 30 40 50 60 70
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Fig. 4. Comparison between measured and calculated
reduction-curves for pellet A.
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Fig. 5. Variation of boundary radii with fractional
reduction for pellet A.
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Fig. 6. Variation of boundary radii with fractional
reduction for pellet A.
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Calculated
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Fig. 7. Comparison between measured and calculated
reduction-curves for pellet B.
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Fig. 8. Variation of boundary radii with fractional
reduction for pellet B.
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Fig. 9. Variation of boundary radii with fractional
reduction for pellet B.
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......... ® %3] —exp( 9.65-13.1x10° /(RT) ]

O pdl - expl 4.69-11.7x103 /(RT) }
——— & pd?oexpl 5.66-12.9x 103 /(RT) ]
ceeea O D3 expi 5.31-11.6x10% /(D) ]
o pd4-exp[ 7.97 -16.8x 103 /(rRT) ]

Fig. 10. Temperature dependence of chemical-
reaction rate-constants kUil and effective diffusi-
vities D[l for pellet A. (5 N//min)
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m k(1) - expl 8.07-9.80x 103/ (RT) ]
——— a x[2) —expl 8.65-10.8x103 /(RT) ]

T ® %03 —expl 8.38-10.7x 103 /(rT) ]

O pell) = expl 4.03-12.5x103 /(RT) ]

o aDel® s expl 3.98-12.1x10° /(RT) ]
---------- 0 pel3 —expl 5.15-13.2x10% /(RT) ]
o pel4) —exp[ 5.15-13.2x10° /(RT) ]

Fig. 11. Temperature dependence of chemical-
reaction rate-constants k[l and effective diffusi-
vities D Uil for pellet B. (5 N{/min)

4
DU = exp[7.97—16.8x 103/ (RT) ]+ +e-on-o- (29)
~<v., FB:
K11=exp[8.07—9.80x 103/ (RT)] --+--++-+-- (30)
M21=exp[8.65—10.8x 103/ (RT)] «+---vvveere (31)
K3])=exp[8.38—10.7 x 103/ (RT)] +-rrero+ (32)
DEM = exp[4.03—12.5X 103/ (RT) J v e vveeee (33)
DL = exp[3.98—12.1x 108/ (RT) J-w-rvveeee (34)
DL = exp[5.15—13.2x 108/ (RT)]-++-++++-- (35)
DI = exp[5.15—13.2x 103/ (RT) ]+ wveeevee- (36)

BOCEEZEROfEL, T2V y b TRERGD, HhE
FHOMBII< vy FBoERSPIG. ZOFRFELT
1Y, 257K, BIEECTHBHH, BEKILEX, ~v
v AT 21%, v, v BT 17% LE1D
%5 & (Table 1BMR), L0 A5 Z7HEROE N &
DQFBENRREDZ ENBT Bh B9,

CHLOERFEALT ¢l OERFELTHSE,
Table 3 X 515,

Table 3. The values of Thiele’s modulus.

Temperature (°C)

Pellet oIl
1000 900 800 700
011 4.2 4.4 5.4 4.4
A 2] 3.5 3.1 4.0 4.1
031 4.1 3.2 2.9 3.7
$1 6.7 8.1 9.4 8.0
B L2l 7.7 7.5 7.5 8.0
#03] 4.6 4.8 5.2 5.3
vy e
1.0 — ——l——
_ 80O °C - \R /
— osl 5 N/min cred T\l
T ds114em i\
N e -
S 06 #7=75 - . RS
\~ ¢[3] =5 '%/ \\\~
0_ Q4 g™ /////
z, —— 50 CH‘Y / \
© —_ s
S ozf== fg — 1
u ——— //
0 LA e
0 Q0.2 04 06 08 1.0
rsrn (-)

Fig. 12. Distribution profiles of hydrogen and
oxygen concentrations in various pellets. (F=

0.28)
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Fig. 12 &2, ) vy + AOREEERFREE R JXOKEN R
BEXFELLERO—FlRT. CV/C<Co/CP=<
l DEBRAE 1B (Co/CP=1 o it ~~2 1+ D
HZDRE), CEP/C<Co/CP<CE/CP o fFHIk 2 88 2
B, C5o/C8°<Co/Ce<=C/CY D IR 3 fE,
Co/CE»=CE*/C=0 {FIFHM E 4B T 5. ¢l
DfEYT & 20, 50 L LOoT HBE, vy F HEAD
KRAADIREHE LI e, LAADT, ~=x
1r e =354 rDHKFFK (CF¥=Co<0.99CH)
DI (6=50 DBE, 0.64<r/r,<0.74) 11, $lI=10
DLZDOLDH P, DO LIL, BILO LT T
~TEA L DOROF@ER, HLIBORBFHEETHZ L%
BBRLUTCWB., W, KEFABE O GEH, £BO
BRTCARBERC I OTAB DL, BREE (4) Tk
© DY ¢ DU gL, thEh Broot—EEE
Lz Twaled, r=n T dCHVdr ¢ dCUF'Vdr i
Rigo T B ECBATS. L2AT, ¢ Bz
ol DfEY 10 Ll &, AFEFABEHHYT
BT HBMET, FEBEITEEC S, MIEK

11 o0 e Ths s o, RGEEERP—EICRE, 8272
AIEBE P S5A T3, LT TR, RIGERES800°C, ¥ A5
Ni/min, #[11=35,3 s-1, #[2)=96.1 s-1, i[1J=24.951 &
LCEHEL . :
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FHAPESHNEB ORI IED, LDk, KEFA
DREARE 12 o1 DET X 6T, ¢4, ¢l DEHRKY
10 UF®ohs. o, ¢ ot 10 #x 5 X 5
IRBATY, Ry —B & LicPhElE 7 o B G,
FOpdefLic X 5, AL RRIGEE 7 5 88
TEL. AERCHFEHLLER V., ML, TXTEILET
Ho, BLTBRECILT, +XTCI0LTFTTHs (Table
3 2MB). LicnioT, $HE v, % BT 581
i, KEFANEYHTHDEELD.

5. & =

SILEK 20% ROBILBL~<x1 vy bEHKE
CRTTLLE, BTEPREWT ~<& M - %A
A, = 7FaAb-TAZAL, VAZXAM-FOHREF
BAGFLEL, BIBHEHERLTWA. DX 37ETLK
IEDEmHE TELRTRECER T ETLELT, %
B RIGHEE F AR ER U CEHE 2Ty, SEHlE & ik
L, UTomRrEe.

(1) MH2v. r OfFfcIsV T, ETREC X
57, BV LETE 90 Y * TRILHE L,
vy AN ORICE DB L X BRECERTE 5.

(2) #HEEME~<L, o 1000°C SRIT T, HILRL
80% LI T, BEZ IR ITEEOEIVELC TR, FF
FAL L BEEEE E.

(3) fEEME~=L ., O 700°~900°C BT DREITIC
BT, RIS HRITE 90 Y% ¥ C, RITHR
LV, VWIEAORIGH OB 2 BEC LB T &
. R L, YA M-ESEERBEBKBL O BRVE
ZonwTiz, HENHEECHAIOPHEL LT LR
AN

(4) REFNEZEEID THEHOEE<Z A -2 DR
BRI, 2 THWeRr,, FERLT(23)~(36)
ATEIhAS.

Bhhye, BBRvy P IREVGICREWICHR) ®F
BUSRFT chRBEFERT  BRH IR — K e H UM/ NEF AR ST
LEL B LETFS. 1, ERCH D LU-BERX
E (B B)HIEKAPIEER R#HOBEXRT 5.

£+ =

(3), (4), (15RXy, >FoRAKBBLNS.

& CYY|; +48sinh (¢U¢;) + Blicosh (¢0102,)
=& C(S/: L +1+AE‘+1]smh (¢El+lJ§ ) +B[1+1]
cosh (gl 1g)) --. -+ (AD)
ARIDH (gt cosh <¢m &) —sinh <¢E‘Jn> /&)
+ BRIDI {glsinh (4072,) — cosh (#1g;) /1)

— AQH 1L+ 1 gL+ 1 cog (4004 1z,

—sinh (gUi+13g)) /&)
+BEDiI+ IJDEH' 1]{¢[i+ ljsinh (¢[i+ l)Ei)

—cosh(@UH1g) /6} v (A2)
B1=0, i=1~(n—1), N=2~4

£72(6), (15), DRI I RABELHLD.
ALIpLed (glnleosh glnd — sinhglod)
+BRIDr (glndsinh 6071 — cosh god)
=rpke* (Crrpp— CHIY — AL Lsinh g1 — B2 lcoshgt™])
-+ (A3)
n=N=2, 3
AE‘*] DE4]=,D ke* (Crpyp+ AR By (A4)
T, DEDEALLEBRE 2w T, o EH
A%P(i= l~n), B%iy] (i=2~n) % &~6n-, OBFAKEL
TR TES.
a =]
AH, B N om i Bk KR A ARER
B4 oMo EHL(15) K] (mol H,/cm?)
CHl : mifzRY HKES AME (mol Hy/cmd)
Cupp @ SN 7 HOKEF ZPRE (mol Hy/cm?)
CHY ¢ st-H,-H,0 F o FHik%k# ARk
(mol H,/cm3)
CH : wifBicsx 5 EHREERIRE (mol O/cm?)
CY, C¥ . sipziuEt HORKBREIRE
(mol O/cm3)
Cole, : 6=61 itk 5 AEBMERE  (mol O/cm?)

DU : i e s 5 RIRM AR (cm?/s)
dp : Ly FEE (cm)
F:guk (-)
i B sy B0 R ISE E S5,
kEL, =0 (1/s)
ke : FABBERNDEBBHHRE  (cm/s)
ke*  IUFIER & bk LA 7 R S5 N BB B B R 5K
[(7)X] (cm/s)
R : Sk EH=1.987[cal/(mol-k) ]
r LNy PEERFAMOEE  (cm)
nEIBEE Q+]) BonRGEL2 ZTESRE
B, L, ry=0, n=T7p ER L (Cm)
rp'«\l/,b$@ (cm) '
SA o — v ¥ g =ktry/DEY ()
t o ERTTEER (s, min)
i BoERBAKBER (=0 x23%) (s)
Ve : @RBECRSI B P AHEE  (cm3/s)
&Ry, PERFMOBKRTEES=r/T, (—)
& EiEEE (+]) BonRMuBR2ETRERE
mﬁ*ﬁzri/fp (t'fi L, 60:\0: En=l) (h)
£ RTEHOFESR ()
¢Ei] i Bz iy 5 Thiele ﬁzrpl/kEiJ/Dgi] (=)
R
i ARRBEORES2RT.
n:ENEEO—-FAAORGHEOERES 2R T.
N:REEEZRT. NtnofER—-FKT 5.
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