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Analysis of Reduction Rate of an Iron Oxide (Wustite) Pellet
with H,-N, and CO-N, by Unreacted-core Model

Takeaki MURAYAMA, Takashi YOSHIHARA, and Yaéichi ONO

Synopsis :

Reduction experiments of wustite pellets with H,-N, and CGO-N, gas mixtures of various compositions
were carried out at 1 000°C. The wustite pellets were prepared by partial reduction of pure hematite
pellets (about 3.9 g in weight, about 0.62 cm in radius, and 0.20~0.25 in porosity) in 50% CO-50% CO,
gas mixture at 1 000°C. The rate parameters contained in the unreacted—core model were determined
by applying the methods of the mixed—control plot and the data—fitting to the reduction data.

In the reduction with H,—N,, the rate parameters for both the reactant gas and the product gas should
be estimated. The relation between the effective diffusion coefficient in the product layer and the N, gas
concentration Xm, is explained in terms of the dependency of the ternary diffusion coefficient on Xy,, but
the relation between the apparent chemical reaction rate constant and Xy, cannot be solely explained by
that effect. The change of the specific surface area of solid reactant during the reduction should also be
taken into account.

In the reduction with CO-N,, the effect of N; gas concentration on the reduction mainly results from
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the change of the driving force of the reduction.

1. #% B

Bbgk~< vy b O F ABRTEST % EEMTIRT, 3
FE L LT CO Bt Hy o¥—FRARDWTITEH
hTEbh, ZDBE RIGEDH AL CO-CO,, H,-H,O
DYISEC2HENEZRTHY, FOWMHFIZHEREE C
HbH. Lirl, BFHHVCREERGOERECTE, &
COBEBILH A E LT CO-N,, CO-H,-N, H 5\ L
CO-H, MEbn Tk by, £0BE, RIGHEIX CO-CO,
-N,, CO-CO,-H,-H,0-N, &% % \ ¥ CO-CO,-H,-
H,O 0 X5 ERPRTID, #AD IKEEEORD
B RIFEHCHBCI D, 0O X5 RERSRN AKX
BB TTICB T SRR S BB e e DL 22T,
AFETIIEREZE RV y POV ABRTOMTC X S FhH
TV ARRIEE 7 %% B4 7 AR TORTENIT
BT S ETAE UARE T OWT, CO-N, &k Lt
W Hy-Ny RH AR L BETLERBC LR INL -
DTHRETS.

2. M B R

BIEH AL Ny ZETBEOMIEEE~ Vv o b DREITTIE
Ex R 7V CHTT B E CHRIEE LT,
ROEMBT bhD.

i) Ny BAT B e,
T5.

i) FASEAYEBENMRE O T 7 -

iii) 4 B8 PR ZhILEUR B D S 7 .

iv) vy, FRSHECRICHEEERTSEA, KK
e F A0 R O bERIGEEER I KIGHE OB
AR OB > TETS. L2 T, KRG
e 7 D RENT O LA RIGHEE B O HER D J7 D]
BEith.

v) N, PMBATSHZ E X b RIGEMARL Y,
DDV y F OMAEENREILT HATRENS B S

i) ~iv) ORMBEORERIL, £RPHFAFTDOHN A
DI EED X SRHYFZSHEVSHENDS. BT

RIS OB IHMET

FEHAN 55 4 4 AALBEALITTHEE Wi 56 4 8 B 13 B%fF (Received Aug. 13, 1981)
* SuMAZTEE I (Faculty of Engineering, Kyushu University, 6-10-1 Hakozaki Higashi-ku

Fukuoka 812)

*2 M AFEAFER (B : BE$gEE(#%)) (Graduate School, Kyushu University, Now Nippon Mining

Company)

— 189 —



2254 % L 8

% 68 & (1982) #15%

WEXDTHELD A (CO, H5B i HO) » &%
&. %’@O%%, CO'Coz_Nz %Z) U (’i Hz—Hzo—Nz
3HEDBR I ARCKT D ADIHEYR OS> & g
5.

— R, BRHDZROKHTI T B Ik, Stefan-
Maxwell o
o 1
7 X;= Flm)(mm_xm) ............... (1)

TERENEB., 22T, D it i, ) 2HoREEOCHEE
ERE, X, Ny 1k, FhFhifoos R LM

EEERED = VHERYET.

WE, A-B-C SEi9ZRO &% FEX, K4 A, B
BEEARERBRCBEH L, —7F, B2 Cik LTw
5ETH. Thbb,

Na+Ng=0 oeeerimeneeieiacinnes e (2)
Ne=0 rerveiimiiiiniiann, - (3)
ET5. (2), ()R ()RRAL, &b
XA+XB+X0—1 ................................. (4)
DEEFEHES &,
Np=— CDII)\B PXp worveerreneene(5)
L—<1—- AB)A&
D ac
Ng= — CDasp PXg ooeereneen (6)
l——(l—DAB>X
Dpc)"C
85, I T,
Dpm= D*g ..................... (7)
1—0—5ﬁﬁ&
AC
Dgpm= D‘;’ b (8)
1~O— “y%
Dpc
EFRl L, (), (6)RixThth
Na=—CDppP Xy «oooooeereceeicnc e (9)
Np=—CDppl Xp-+rreeeerrerevesrenaenenecncens (10)
Eled. €, (7), (B)ATEHFKEENS Dam, Den

ERTHES A, B OB IEFFSE (effective binary
diffusivity) EFEITRTWBY. (9), (10)%id A-B 2
B RTET 5% VHEILEO R

Np=—CDppl Xy, Ng=—CDpgl Xy
LRI —F LT3, LinL, —fiC Dac>Dpc
THHDOT, (7), (8)A»bH LML, —fic
%

Dpam Dy -ooeeveeereeseaeraenenas e (11)
Thh. AT, By CoBEEAR FXc iX(1)~
(3)Xxv,

X 1 1
P Xe= CC(DAC_DBC)NA.......,.....,.... (12)
Liedn, T TH—MIC Dac>xDpc DI
. A | PP ¢ &)
ey, B2 CoOMEK Nc X0 ThHHp, REAR )
—RNIHFETS.

WE, BRRRo 221 b FexO o A-B-C 3E9ER Y
A (A:H, Fiix CO, B: H,O 743 CO,, C: Ny)
thTORLYEL 5.

Fe,O+A=xFe+B (14.)
LERORIENR PRy I hATETTH EERETHE K
VIR D 5 B BRI R CET T 5.

1) SHAEr SRFIER T TO 7 ABEYE LT
DRI H A ADBE)

2) AEWE R L CORNFIIER LEICHHEE T
D A DILEK

3) RIGHRE I 5 (14) Koo K

4) £RYBE YR L TORERED HRFIMNRE & C
DERH A B DL

5) WFIIRELIKMHEAG E TOXFAREFEARM LT
o BoOEE)
tZT, ), HERIFAREAMERDBRE, 2), VR4
A AT A RBORE, 3) % RS RTEE & 5.
£BBEOEERIKRD IS5 CEL bR,

#ABERYEBRELERE
—iiga=47rlkgp (CR—C3) woreereereernennenee (15)
figp =477 2kgp (Ca—C8) oovvevrernsienienns (16)
A BRI o A IR ROE R
\
—ga— i”ﬁ"i Doa(C3—Clh) wvvvvennenan (17)
. 47{707'1
ndB=ﬁ_DeB(Cé“Cg) veeeeenienen (18)
o~ 7}
RE L CEE -
fe=47mrke (CL—Ch/Ke) wevvvveiiniiniinnnnnnas (19)
P ED#R»BRIEFCETT B &EThil
fi= —figa= —fga=To=Tap=1lgp ........'....(20)

LB, (20)R (15~ (1)K 2 A LTRIGR TS X
U RAOBERYHETD L, KAFEFLLS.

he 4zri (CR—CR/Ke)
1 + 1 +< 1 1 _fo(fo—fi)
ken | kepKe Dey  DegKe T3
ro \2 1
+< 7y ) kC
’ - (21)
Z Z T,
C2e=C(1—XB) /(14 Ke) +reerevrrarranannacs (22)

— 190 —



H,-N,; % 50tz CO-N, BE&# A X 5E1bgk (FexO)
_Vy ) OETHEEORKIGEE T AT X B BRI

2255

1 1 1 1
ke =( kea +‘k‘§1(e‘>( I+ 1/Ke> """""" 23

1 1 1 1
De =(DeA+ DeBKe>( 1+1 /Ke) """""" 24

ERFEQCHRIKRRD X S51ins.
4rri(Cr—C1,)

=" +7o(ro_ri)+< e ), ] -+ (25)
ke riDe ry ) ke(1+1/Ke)
¥z, FexO FOBEROMEEEIIAA TSI L bR 5.
. R dr
h= _47,“(107; N ¢.04))
(25), (26)RicEB\ T,
f= (ro—’i)/ro=]_‘(l‘_F)l/s"”"""""""(27)

LR E, t=t, T f=f, t=t T f=f OLHETTHEIT
BEREANELRS.
(C2—CR.) (t—t)

rolo (f—S1)
1 3=-3(f+f)+f+fh+f1}
ke 3

=5p; BU+A) —2(*+ffi+fD}
1

(28) KB\ T
_ (CR-CR) (2—1ty)
Y e (1)
1 3-3 2 2
-~k {3-3(f+SfD ;Lf +ffi+f3) - 29)
X=3(f+f1) —2(f2+Sfr+Sf1)eemee- (30)
To 1
Y= 6De X+ ke(1+1/Ke) 77T (31)

BLF—2%bErYHXD 7w, v ®T11E, XEG
BesAnibTiti s s Xk, ZOBRITEREELY,
T DEFOME &2 LAEBRWIE B DILBURE De, Y15 1
DALERIGEEER ke DEERRDD = LA TE B9,
IDOYHXDT e, bOC EEREEE S w ., b EE
¥, MES (1) oRIEORE I 25 R (C-
CR) DETEENRTEY, 2T, HEREIRWD
DEBbh5. 7k, Cl. RRHEAG LA UL e VBE
C BXIU N, BE C3 0b kT ADFEHREY
£3. Wi, H—N, 522 CO-N, BEH AL %
BILEOBAED X 51 C3=0 DFAEX
C-—Xx3)

b__ b __
¢i-Ci. (14 1/Ke)

e (32)

Eieh, RIGOEREIING N, BE X8 ofinc & 72
T, Thickf LTHAT5.

ke (i) ox ABREAWEBERE k. OFHEDR
BTHHN, BLEROF - 2 ¥ REEEEOHEBET LD
TRYTHE, 3 b OEXRETHILEN S 5.
ke 32K TEZIRT DD, KD kia, kep 1T
Ranz-Marshall ©E® 33)K X bRF 5 kui(i=A, B)
CINEZEED 2R LB A1 HRDBE E N TE
5.

M=2+0'6<210u9)1/2< JZ )l/s i—A B
Dim # / \pDim ’
e (33)©
2
1 _ 1 + 4’71'70,: i=A, B ,..........-(34)8)

krp kg Vr
AR X 5, —MIK Dam>Dsm THHDT, —RIT
keaxkig Th Y, kea, kip DFEAEZERTLLEND
5. TORECEWT, FEHY B XOWIL L2 O ) Hfi
B DB, i, Xc DENREIS & Diy OEMN
WL, TOHE, ku, Lo T ks OfEiniEH 5.
BGHAAF, s RNZEHOFHEOBELRT 15 4 — X
THH, BE, s=1 2ifEbhs. Lal, ~OEIK
GEESHADORBC I >TREB EEX bhD. BT
HAR Ny DBA LIS, RIBC XD TERE LW
ADBEITRITCH A0 MBI AT HRTEL kb
», NEBEHROFLEOBRE WA T2 A5tk H 553,
T DFIZDOWTIE, EREERERL IR T,

LAk, ks OFHEZ DT, kea, keg D FEZERE
LML EDRINT W& (ZhaxER UL-E
el & LTk Seirzer 59 O#FHENDS.), INFZHEHR
OFELEOREN Xy, OB ISTED X > TT5
EEFE TV, T K ORIEN D S.

wic (iil) 4B IR ZHIEBIR B il o R
5905 &, BEEEDCEETE LIS ERYBENEDIL
BRI De ik, 2HRTRT X5 BEWNRLED. £RY
BHO» AT T T BRI THD ET5
&, Dep, Deg [IIRD L H51CRKREIh 5.

Dej=Dimerpelre
ZZT, eres Ere RENLH ERBEOKILEIL DV
CHKBET, epefre I3 diffusibility LBETh %, dif-
fusibility {2<v .o FOMEFLEEC I >C B EBETH
DT, FABTIREE LK. Lich2T, 2HRT
ROLHICEENZ BRhS.

1 _( 1 N 1 ( 1\ 1
De \ Dpp DBmKe> 1+1/Ke/ epofre
ceereereneen (36)

— 191 —



2256

# & @ % 68 £ (1982) #15%

Z T,

1

Do =( D,lm +Daml/Ke )(1+;/Ke>'"'" (37)
Edl L, @H)R

De=Depelpe +rrererererrerrmmiinninna... (38)
B, Dy OHFINELTIE, ERF—2%23 i
LOEBAHEOMRETH OIS De OfE%{HE- T (B8R
b oerefre BRDD &, TALCEYDBE WK BT
—EENRBITTHSD. Dim OEXFHRD(7), (8)K
DEISCHYDORE XcKE L, £D Xc OfEIT4E:
HHBROGIIC X2 TRES. Lich2T, Dim it
BRI I oTEILT Ao ek, 25T, bbb
(17), (8)KX%EB5 I, Dim BB LT —%F
THDHDERELTED, TOE, FEXDY, O
RIEREPR 7 b DTHB. Dim BB Xc O
PELCRE LGEUS R 2 T3 080 b D, Xo OfE
ELTES WS xR LB MEEeS. R 513,
H,-N, J@8tic BT, SKHlA4ko HO BE Xio »
0oy, RIGHEC TS HO WE Xi,o i3 10% LU
TThHbH, ZoBE, ELUHKC Xc Ofi: LTRHEARGE
Off X§ HAVIUERWZ EXFERANTR LT 50D,
Xp OfEN 102 Lo REWHFEAR S, ZOFELUMEKD
SIONE SN E S,

DEWE, (iv) OLERIGEEER ke OFHEORE
THHH, EFRDENIEHIET e KkEL, REG
k. REIG#E 7 03680 SLo%EvR, Pie 7 10
LOHENG, Hy, 501 CO 1T X 5BTEOHEIL,

ke(1+1/Ke) =y'; D~
DOBRIGELIBCEE D ISZoW. Z 2T, ky 3T
NDALERIEEE TR, Dso 13 RIEH D A IRHFREK
T, 2RO EL, Dgo=Daperbr(exér 1 RIGHD
diffusibility) c&&h 5. Lal, N 22803 RKO%
DOFEE, RIGHADOINE & RG % R CE B Atz
thfa] & F A0 ERERD B Y B85 ENTERVO
T, PREFACIHEERERRIEEE T AL X HHE
ERYEERE TS 23T\, £2C, T T
BNARIERAPROBECDIHRILTH EEEL, Kb
Dy 123K & AO (HORTRKEND DL KET
5.

Dso= Dm Epbprmer e (4.0)

Fhebb, 2HYREKT S Dap 3B ED Dy T
FE2LNE, QGNRNRIHIFIRERTERIIDE
RETS. (39), QORI DE XL, ke i3 Dy/?
CHATS. KN Dy O Dem EHALT
ke © N, BERFEEY HE L5, ERPZOSH

&, BEAMD T 2 — 2120 CRITT B O, Tl
ROEHTHLMR XK, EEEHD. ZDHITD
THREY X BB 200, '
2ER, (v) ORGERKEK X5 ik £t
Wik, BEGREHOBER T X B EE 0L E
wiss. BGERIGHOLEER ¥ ERB AR R
NELTZ Vv VETFALINSEBMN, FOEBERS A —
& Ll E F A DILERIGEEER by oM, K
DOBRL D B,
kv=aky (L4 1/Ke) -vevomvevemniiniinniiniiinn. (41)

TCTC, aRBEHRIGHO LEWE, A 127L1vE
FADICERIGEEER THD. N FANRBATSZ
LX) RIGF IR feh, RS a 2384 L,
RIGEE B ebZ EbFELbhB. (39), @)Hs
b ke 12 a2 WHHATHE Lalbons.

3. R B K &

EREOES BT ALDR, ¥, BME#HERLry b
% CO-N, %5\ 3 Hp-N; BAEHF ATRIEL, N
AR LRITEREDOBRER NI, vy rifli~< 2
1 r_Vvy PT, BEHIZTHK 3.9g, 2124 0.62cm,
SILEIL 20~25% THB. v,y Miffi~<w x4 M
AR (—325mesh) % KCHED, ~vFr—Af:
THERIZ L, 1150°C T 100min B LTHL. ZoOR
B 1000°C s\ T, 50%CO-50%CO, BE&HF AT
vAXA FPETRTL, Wwolkh, N, kiERE G2t
BAfATE - M COFTER] 30min), [ U< 1000°C ¢
B4 OO CO-N; H 5\ ik He-N, BEH A TCETT
Lic., FAWEIZH 2 Ni/min CH 5. /s, BTLTIC
BEEHRWOEEY—HHB L, H, ¥ALHELD L51
LTEHERA L. Fih, Uy b0 MFLEESEY 5257
D, BICHiIE L HOVIR T O RN © =& BT
B (SEM) H&R% XU RmBMSE BET %) 3
TFote. ¥, VAOHWERFAZ o= /5 78 %
USRI 2 L.

4. B W K &

BOhCETRAREY S L, BEAEEOREL LV
WTF—27 4974 278 (LIF, DF ghevgied5.)
X b, ke, De, ke WHRSE Lic. BEBEOMEEL, B
WO L5 ke #(23), (3%), GHRFH-THE L
(72U, s=1), BET—2%d Y RXOBEAEE
7ey b TV, BDREDERT De, ke #RETHH
EThHDY. L, @HRD b, f (FEEL) 2%k T
EEIND, RITFREOPEE ta & (28) X2 H-TH

— 192 —



H,-N, &5 0tic CO-Ny IBE# Al & 5 E{bgk (FexO)

2257

_Vvy FOBRTHEEDOREIGE ETF AT X 5

LRBFTEE ta O FHIERERE 4t BN EL B R
LT — 2 EDETH B,

1 N
NiZe
L DF 3R X %5 4 — 2 ODRFBIAD X 5T 2%
T, =081, ke b, HEBEOMERED, ThEd
L) ~@BHREFEH LT EREED f#:C De, ke
ERETSH. KT, Bohics2—2%d L (28)R
HERALTCRETRBBAHEL, QRHAWT 4%
RDB., =D Aty BN ETB LD ke, £y OfEER
Wic. Tods, 4t OfEX 0.01 LTeico7:.

wie, o CER LSBT OWTHBRS.

FEER Ke ik OREFEH LTRD .

H, #5752 : Ke=exp(0.9733—1743.3/T) ---(43)
CO 87 : Ke=exp(—3.127+2879/T) --- (44)

FMERE im0 Tik, CO-N, BIEO A1 Licht-
Stechert 0%, H,-N, RZILO¥ESE1T Hirschfelder
DA HFOTHE Y DERRD, Wilke DA % {f
RBLTEAVADERRD -

2 B RO IR OWTIE, +20% LIPgo 8%
WA CTHRIEEL —FHKTH LI TWAEHOR Z{HAH
LTRDI. KL, Duy-Ne Duo-n, TOWTiE,
BiBD X 5 DF (i CRD 7z kr DEEXEE W L CHEH
DEAPLBROLNAHED 20% HOfEY, Du,-n,0 K2W
Tk Andrussow DOEDsBLRD LB ED 2EH L.
Table 1 & Lz Dy Ofixrmd. Brblbhbd k

Eas —Ens
At = SdiT el | verreeneenenne (42)

tai

Table 1. Values of binary molecular diffusion
coefficient at 1 000°C! used in this work.
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effect of N, gas concentration on the driving force was taken into account.
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Fig. 3. Relation between the mass transfer coef-
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