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Rate of Reduction of Liquid Wustite with Hydrogen
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Synopsis:

Yasutaka IGUCHI and Tetsuya NAGASAKA

The reduction rate of liquid wustite in contact with solid iron with inert gas(N,, Ar or He)-~hydrogen
mixture was measured by using the thermobalance at 1400, 1 430°C.

(1) The apparent reduction rate of liquid wustite with hydrogen was proportional to Py,.

(2) The apparent reduction rate was affected by the gas flow rate over the range of this experiment.
The rate of chemical reaction between liquid wustite and hydrogen was so fast that the overall reduction
was controlled by mass transfer in the stagnant film of gas phase in the range of flow rate, V<4 //min(N,-

H, and Ar-H, mixture) or V<7 !/min(He-H, mixture).

However, in the range of V=7~28 !/min with

He-H, mixture, reduction was controlled by both two steps, i.e., mass transfer in gas phase and chemical

reaction at the interface.
oxygen/cm?-s-atm).

The chemical reaction rate at the interface was estimated to be 1.6 x 10-2(g—

(3) The chemical reaction rate estimated was about 20 times larger than that of solid wustite obtained

in the present work.
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— 60 —



BRI AZ A FOKRFEC LD RBTRIGEE 1691

v
gas mixture

3t () AI’-H2

° 1

@ © Ar-H, oY A;v

"E ® Nz' HZ Y o
L O He-H @ Y
c 2 \
g, T=1400°C

>

8 A
& >
w

[=

»x

-

V:gas flow rate
( 1/ min)

0

0 0005 001
Py, {atm)

Fig. 3. Apparent reduction rate as a
function of Py,.

I35z Eavbnot.

LA LWTFhoSBEGrEsWTHBTE 10% UTow
HIER CIXE T RO B HE M, FUGRMe st U CE#R
FICH#fTT%. COXMOBILER IR 5 & 5 &
L, £OAE X RIGEE RN X > TEE L.

r=— (dWo/dt) /8 ++reemnimriiiiiiiiin, (1)
22T SRR (em?), WollddBEER (g), t IK
JREERD (5), 7 AT ORIGHEE (g-FAE/cm?-s) Th
%.

3-2 AZPEDEE

WELY A 24+ O ROT ORTHEE T TKENE
DB OWTHIE LR Fig. 3 wrid. HEsk
ik Np-H, [BAH A TIEF AWE V=2.21/min(Re=
300), Ar-H, i/ # A Tix V=1.05 (Re=160), 3.21/
min (Re=470), He-H, {E&» A Tix V=2.0l/min
(Re=40) TH%. 7o He-H, Ti3 Py,=0.1 ¥ Ty
E L1, Fig. 3 iz Fo—HoRw iR A L.
Fig. 3 @RTI5CBILEE 7 1%, ¥AREEBTY
ADRA X YR TS, “hboiAFE—D8 &1t
Py, D1 RECHFILKRRTRTZ ENTES.

r=— (a’WO/d;) /S:kaPHz ........................ ( 2 )

ky : AT OMEEESH (g-FEZE/cm?.s-atm)
3.3 HAZROEE

A OWID BRI, BICEE BT 7 AR
BIhico@il, 3ebbBERBEM Lo B < E
L, BEEY A 24 F DKERC X HBTHELTE ST
HZ ETH O Lo T BT S ©o e 2 3T
Licdd, BERFFOIREICHERY A 2 1 + ORI & e X
DHELELETL K AMBCIIHIEND 5. AERLEE
CHEAHE DR BECEIFNL, Ny-H,, Ar-H, {4 # AT

chemical reaction
controt (1400°C)

/\hso'c/

05+

[

mass transfer
control

K,%x102 (g-oxygen/cm?:sec-atm)

5 10 50
Yy (1/min)

Fig. 4. Effect of gas flow rate on the apparent
rate constant, k,.

114 4 F k4 31/min (Re=400), 41/min (Re=550),
#%\ v He-H, B4 7 A CI3HEAK 71/min (Re=140) T
Hote. Thdpx He-H, B&F A DOWTHE—EER
X b EREkEIE R T I 7~28 I/min o> & i B &P DR
EREIML 7. FIRMEIE &2, %7 He pTiAHER
W REBRBREZEE LC—ERKHE He-H, B&H7 A%
HBLTELL, Ebie He TRIGEN % BHREFEOHR
HEELYAETHIEREYEVETHETHS. 2hick

h Fig.2 L& RAUHEEO BTHMBEEE L &N TE
. LZLZOHETHE 281/min widd & SHBR
Bils EDO =D PIBIIARETH 2.

Lo X b BIE LI R o BEER k &R
A AWE V EOBFEY Fig. 4 il # < x 7.
Fig. 4 ©X 5 & ko IR ADBEIY HETD
27, WThoSHab ¥ ARE L CEHE L, &R
GREERE SR rot. T bbby AR 281/
min ¥ TORE CRERARECELTHIEWZ Ehbh
Ote. Fi ok &V oXEofEx V<71/min TIXE
FEREN S O LT V>71/min CIREHFEFR LD
ThefETs@EmRnE 5. 2hX b EKREFRERNBENLT
LA (R, ERBER L O REG T s8ME% [ R
I &LTRATZZ T 5.

3-4 BEORE

AP T BRI VT AR, 1400°C
w3515 BIELSMIL, 1450°C 1T He-H, [B& 5 A%
HAWTHREOEE T OWTER L. To/F Fig. 4
th He-H, &7 ADERCRIND X oK, FHIKI T
REOFE D TN HIEEEOBBEIALEE
ThHHH, HEBEI TREES LR XY RNTORERE
BUIIBC K E S m2 T Wb, DX 5 ifERoMEN.
DRI I LRI RRICEE RS0 EE 2 bR
5.



1692 g% & A

% 70 4 (1984) mml4s

PEo#ERIpEE L IcsT 2 BnltoBTHEE iz
1400~1450°C DB EHH chOEBRA, RIS,

Ny-H, [B&» A r=1.26x10-3V0.66 Py, ... (3)
Ar-H, i8G5 A r=1.45x10-3 V.66 Py ...... (4)
He-H, {8&# A r=1.11x10-3 po.66 Py ... (5)

3.5 RIEROBAFEROEE

W L A A EBEIEE TH L LT, L
NeEEA(3), () RO(S)RELOERL, BLHy
ADFEEHDOLTiX/e L, MGARDERERIRC X2oTY
FEIND., ThP L APHEOMELELZH ST
728, B OMEER k1@ TG RERE
DOFEZOWT 2, 3 DHERERL T

3-5-1 AHHEIOFE
AURHE S 2@ RA M O RBIREE L BIR T 5. T2 TH

AR ORI EEE I T EOBEL T L. 5
 Fig. 5 iR 3. ko BFBEE L BR %
THON. IeRAMR TILEE 3.5g Ok EHVTHK
D, Wbk & 2 A THEBHEZRE 1.8mm Th o,
3.5.2 R LEIDEE
EILEECKET 7 A& H OFBzOWTHR
7R R % Fig. 6 Rt ko (2 H1ISmm Ti3—%Efl
BTH, FRUTE H ok bt by 13X
feote. AEB TR H=5mm CTHERFTOT % O
T, HZHNLOEHT ks #RDOTDH T LT b,
3:5:-3 ) AAREKROFHBEREOME
AR d BEEO Smm H b Smm F TR
¥, RICEECIIET A VROBERYRANL. 0B
f. R ARETHOTHRER L LTI EROTL
% Reynolds Kt d o s $tic &< ed. EHE%
Fig. 7 (a) ¥, PIEEHITR VA, ke (X d OB
ERCRRKREL R BEMID D, FOEBIHED
KEL .

t

% 2f

o A~ Q

] o ° o
E

(5]

~

[=

&

%

Sy

2
o™

=4 He - H2 mixture
: pH1 =003 atm
= V=20 l/min
T = 1400 °C
0 ,

0 01 02 03 04 05
L (cm)

Fig. 5. Effect of sample depth, L, on the

apparent rate constant, k,.

ko x 10° (g - oxygen /cm?. sec. atm)

ost He-Hz mixture 4
Pry= 003 atm
V=20 i/min
T =1400 °C
0 . ) : N
0 2 4
H (cm)

Fig. 6. Effect of nozzle height, H, on the
apparent rate constant, k,.

€
s 2)
1> T T
,?-‘ He-H, mixture |
§ 5[ Py,=0006 atm
i V =7 t/min
> T =1400 °C
x
o
@
~ | p
T 4L
)<° 0 1 I L
x 0.3 Q4 05
d (cm)

b)

u T T T
He-H; mixture
Pu,= 0006 atm
V =7 1/min

T = 1400 °C

ko x10® (g-oxygen /cm2 sec - atm)

1.0 12 14

1/rs (cm)
Fig. 7. Effect of nozzle diameter, d, or surface
radius, 7y, on k,; (a) effect of d and (b) effect
of r,.

R D 2NFIME—ED S £T, B OEPREERORHEEE
ABZHEL, REREE GRE¥EE) re Z#% o 9. 1mm
75 6.8mm ¥ TALIY, BILHEECKIFTEELA
SELT. &% Fig. 7 (b) wird. ko 12 rs IKHF
L, rs DA e kEL LD, 2D X5, drg i
ko R RIS TEMAL, REEEE CRT %7 ADR
BpRRED AR ERBRC I oTCELL, BFYWER
EREOEITC X b B b aandbh b, EHTE
BRI UMHETCERVWZ LICBERATL EEZ bR
L. WOT, d RO s A AIHEBEERCEM
Bib3oRFThHDHEELBNLDOT, LIBOMENICIX
REMEBRELMHTH S d=3mm, 7,=9.1mm DPEK
DWTDEEZ D Lk,

— 62 —



BREY 22 4 b DKEC LD ETRIGERE 1693

4. = =

11 BEEREORE
BRLY A 24 + OKREEILTRIGIL(6)RTREN5B.
Fe,O(l) +Hy(g) (2 tFe(d) +HO(g) (6)
KED X5 e R-WAE— KISe B\ Tk, F0BEA
RD I OWKANTHZ ENTES.
OR-ERE 7 A~ QUEENYERE
@R - KA MR IE L KOG
(RFE, MEE, REEYRICROHERRE 2 &)
PR-WAHBAUEEANYERE
AR TR P T AR A 214 X b
LCELERIERITTOTWADT, Bty A2 4 » OF
H, Gre,0 UERC 1 THHOOBERIEERE L EL D
g, BIERERIC X 5 LK I TR ENTOEEER
s B RF I & TT A AV
BRKRFL, logks & logV oz RUGEREFR
HY, iz loghks DRERFHIIBD TV, Th
X LR T Tl e 0 EEBRY HRE L, £72 log &
DIREFEFHEIRELS RS, ZhIbHEEI TiiO08
B, 3hbb J-RAHE S »~ AEEAYESEIENE,
RITRO, @0aROBEEETHS LEX bR, B
BIDORED S LI EERAEL ZLicT 5.
42 HARAMRBBEES L TORIF
TR T, RE 7 AUWEBEEETH 5 & T h
W, AR X 0 BEAYE 2 1, Fodiiz s A
DREABIFET D, KER TEBEPNT, NG A -
H,-H,O @ 34y 2 Th 54, ZPUTSHBEET, KM
BHEMESKTHD, LERETHI,
DR, (MRZACTERH D = LREAETZ LM T
gg Z) 13) 14) 16) .

STEFAN-MAXWELL

n 1
V= j‘\:ﬂl ETD":f (N =% i N;) weemeeeeeenenn (7)

X (X i D E ALK, C3HhAEE (mol/cmd),

Dij ik i~y 2R FHTIAEUARL (cm2/s), N; (X i |
S0 MRR (mol/em?es) HEHTH. = & T, Hy,
HO, RiEM#A%%&4 A, B, 1 THEL, Ng=—Na,
Ny=0 L35, BENEXNM 2z (K-KRET 2=0)
CEFLERYOBREARLIZ (T)RIV KR TERZ h

5.
o D () A (—a) (8)
,.‘%;‘_:.zcgf; (xp+xa) + C]l\)r; Hpeeereneneens (9)
’%=C_1]§i;xl n *5{1%— (—x1) ereeneeennes (10)

I TCERIGHE, va=Na0/CDag, 24=Dsg/Dyp1, Ap=
Dag/Dg1, 6=2/6 #EHEL T (8)~10) RELHT 3
1

d

,,dfsé_ = (1= 2a) =1} ceerererrncn e (11)

d

_;EB —oa{Qp—Dap+1} e (12)

d

;;L —va(Aa—Ag)xg o ¢ k)
felR 2T xg=1l—xpa—x; & L1z, SHEEKECET S
BRE&ME, 2=0 T xa=x%, x=0, xy=x{ &L, &
heRuTE T (B RE2HIT5 L hRNEES.

xi=x exp {va(Aa—Ap) &} crevrrerererrniiieens (14)

xi=xiexp {va(Aa—4p)} (at E=1) -oveeees (14)"
W b A2 TOEE L, BRFE i §=1(z=29)
R AE, ThbhbuRERELRT. (14R% (1)K
CACA LTS &, R LT (15), (15)" A#%E5.
1— 24

xa= T x} [{expva(ia—2p)é} —1]
A—4B

A&l )]

xh= P Cexp ua(a - 2)} — 11
Aa— 4B
DA AL e (15)'
AERETIL, «itxi=1 BT, T, BILNILE,
(6)RDFEHER Ko VUL, xi+xi+xi=1 1D
xl= (1 _x;‘)/([(e+ 1) eemvnrmmmemiimne (16)
#1H5. Ke 1ZEOG—ER XI2T, 1400°C <Tix
0.875 Lo fEpikd b TR, BAMoOETHDH. o
RHEOBFEEA T4, (15)" RX D vakRDDH &

(AKX Eic s,
_0Na _ K. sl ,
AT CDag  1+Ks  Aa—2p |

1—2a 1 > .
B AT Y S (e v/
%<2A“ZB+1+K9 X1 (17)

(A7) RHER T BT 2B A x4 OKKRC L DR
THERTHH. EHRETIXEHME, » LIH NaeX
¥ 5% (r=16Na, C=P/RT) D T, BE4H 2a, 48, Dass
Ko ROV x1 2fRAL, (147, (U7X X gEMFEEH
WUKREIE #h, 0 ARDBHBENTES. gk Plk%
E (atm), R 13I%AEH (atm-cm?/mol-K) THD.
F R AABRE D 3R OR® AT KRR S
FAERYEE L.

LA TERD X 5 MHEIf 7 A-BRER BB %
TAENHEBECE LT, ScHoLtz B RUE AL
1920 203 Uob & LCEEMIABE @S I hTtwa. 37k
3>1 Sherwood #t (Sh) 1 Reynolds #{ (Re), Schmidt

— 63 —



1694 g =

70 4 (1984) w14

B (Se) D X5 7s 7 ADIREY % 5T 3 5 MR TTE K
CEB LG R THEATROBSE LTRR TES.
IRBICThLZHEN ZHSROBECR LTV
2, KRB X 5 IeBa RS T HELOE D Fv
DARETH D EHE 2, #AORET X H/EROMESRH
—ieE T LR R

R X 5 s i EMELHETXS DT, Shit
Sh=d/5 FEFE LI ¥ Re, Sz TD X 5 ED
fe.

Re=dup/yp  Sc=p/pD*

T Uk A ADHEE (cm/s), pliHyADEKE (g/
cm?), p IR (g/cm.s), Fi: D* 2 3O BRH A
FROIBERTH S, #AMEEA I Y A BEN—F
TR, D*F DL Se #ED X5 1cBHT5
PEOWTHERIMR LRI bV, 22T
WERSRTD i B0 MER Ni 237 Fiek o
B—Al, (B)ReESEUTD X 5tz X b D*
BWRE LI

N;=—CD*Vx;+x; fN,- ¢ [-))
ji=1

DL ERIKE, Ng=—Na, Ni=0 & LTH#EL &, Nalx

Np= —CD* (dxp/d2)
(18)" A& (9)RicfRAL, Na®iHET5 & D*ix(19)
A&,

D*=DpgDp1/{Dar+ (Dap—Dar) x1} wooeeeeee (19)
AFEERTIRIEFCEN P, THEEL T 5ot
T ox ik 5% B LD TURDKT =5 L LT
D* ZHE LI, F1o ¢, p TOWTHRBEOHEETK
HAKC KT 2EEZA, Thblbh ScxRdl.fok
o EMSHEREL TEIEX bRD, 2 I3 BE—RKD
D% HirsureLDER DR H FAVWVTEE L, WILKE O
IO BHHRECBTHEERDIW. WThBELE
BRIRE & L.

Fig. 4 WA LB I ek 5% Re & Sh ©
Bffic i+ & Fig. 8 X owcieh, zhibv Sh
1t Re @ 0.66 FWHAAIT 5T &h3bavot. 3FEEO
BAETAC L HEROMER, Sc ZEETHIIE 1 X0
ERTEEIND., KAERO XS EMLETTIX Shix
Se D 0.5 T+ EAERIVI|ED 2 IR
Tw5b. -z T Fig. 90 X531, ShicxL Sc &L
WEE LI, Ret-65c0-5 Hffliciys &, Fig. 8 0ff
LT AOERTEECTE, REMCATIRICET 5%
Bk L LT (20) SR A 18 7-.

Sh=0.076 Re®-66 $c0.5 oerueiinenneniniannannnnns (20)

PDEOFERIY [FRI ] CIXBBY A5x4 F DKE

gas mix.
2r ® Ny-H,
[+] Ar—Hz
O He-H,
T=1400°C

0S5p

02 1 P - — TR
10 50 100 500
Re
Fig. 8. Relationship between S% and Re.

gas mix.
® Njy-H,
(] Ar-H2
o He-H2
T =1400°C

Sh=0076 Rgsesg.s

05}

4 5 10 20
1 S
F(eo68 Sco

Fig. 9. Relationship between Sh and Re?-66 §co.5,

BRI AUHBEBSEERTCHH I DL E L bR
5. Ik Q0O)RAUDOEFHIE, 35 TRLE—EDHE
BEUETCRTAHETHS.
4.3 RAMRERAEOREN

4.2 TRy AAWEBRECET 5 ERK, (200K
NARBRIC KT 5 2AEHBNTRILTS & T hil,
Fig. 4 wr Lz X 57 [EIKII ) w5 200 bo
wiEE, REEERGERC IS0 LEL bhb.
Py,=0.03amm 7% He-H, B& X AxH i V=28
l/min OFERFMETE, FAUHEBEEE O BED
ka 12(17), (20055 X b 1.00x 10-2(g-fi#/cm?-5-atm)
LETE I RS, EEB bR k2 6.03x10-3 T,
ThX b &R 5 A AU BEBR RS OE&K
0.6 t7c%h. EOTCZD KBTI 2EIFRK 44
DILERGES N B hT\wb E E2 bhb. He-H,
BEHF AR V=281/min, 1400°C O&HET Py,
% 0.008 75 0.03atm * CHE(LI¥T Pu, KFEHE
ARz A Fig. 3 R R LEREAERE Voo



WY A 24 VOAER I DBTRIGEE 1695

BEL r i3 Pu, BTS2 &2k, £ 2T
By 2 x4 + ORECERCEERD (6) RN CTHMEY
530 LEETHE, ToERERZCHANTRINS.
7o =keQFe, 0P, — k' Qpe Pl 0
=kc(Pﬁ2fP§20/Ke)..............................(2])
T T re RHE KT AEERIGHEE (g-B43:/cm?-s)
key ke T Zh(6)ROIE, HbERIGEEERK TH
5. TR AL P ROBOER AFe,0, Gre 111

ERTIL L. RRORHE Ph,, Pho 1L, EFREDY
A, WANYEBEEE AT BT RICHEE & %M
ThoHZ Enb, (16), (17), 2OXLDRDBZ L
TE, DT ke NEETED LD LELNS. ED
L5/ ke BETE LSRR 1400°C T ke=1.6x10-2 &
WOREREG . £EPheT bR G ETIO E) A 28
K 407 BB THHIDTHIBENSD LT LT,
FRHBETNEBRED R Dinway, Z OfEREER
v AR A FOKERREITLICRG 5 RE LSRG EE DA
ETH5.

Fig. 4 b He-H, £DEHIL, ke=1.6x10-2 LI\
T(16), (17), CHRArHEL IR TROIHBIERICEE
HRLICHDOTHA. FHIZX S E, £iexd 51k
ZRIEE Y 90% L kT %ozt He-3%H, B4
HAZK 1000/min Fi3 LB H D, ERAC/EER
HREETAZ XTI 0 X5 e 7 ARMNBE TR RET
»5b.

44 BEEIZ24 FOBTEE DR

Rl A £ 14+ ORICEER L WAT L CR—DO%E LM
TRy 2214+ OBRBTERET, BT 0EITE
B, @T#mrhakBo R i ik L. Tebbz
NETOERFE L&A 1400°C T2t A
WA, RF U BRRHREE & T Ol E X & TR i
eEE Y A 24 PR DOWCRILEBR A (To%. AlEdH
IXIREE 1100~13850°C, Py,=0.01~0.5atm, 3754 A
B V=0.5~5.51/min TH%. FEORMRTIELL
BREEWTH, Bl ovaix Fig. 2 LFE—
HHOERNE LD T, RIGHHOARE X & ITE
ExRDdl., FLELEECRET Y ARBEOKEYR
R, 1350°C Tik 2.51/min Bk, 1100°C
it 1.21/min [J  (Ar-H,) O#iFH CEITEEE Y A
HEE LI OT—ELhok. ThbbEETALL D
BEZHOMRERAREND Y, Do NERERRE
P Eo#HE cf7 o,

Pl EDTE & b BITEEE W RET KRS RO E T
ST 1100°C & 1300°C CHIE Li-&8E % Fig. 10
CoRT. THIDEEY AR FOBTHEEILETLY A

15

gas flow rate temp
mixture (l/min) (°C)
@® N;-H; 25 1300
@ Ar-H 25 1300
O He-H 55 1300
-~ A N -H 25 1100
g A Ar-H; 25 1100
v A He- H; 55 1100
NE i
E 10
~
c
(0]
o
>
x
o
1
2
w
o
x ST
=
0

0 0.1 02 03 0.4 05
Py, f(atm)

Fig. 10. Apparent reduction rate of solid
wustite as a function of Pg,.
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Fig. 11. Temperature dependence of the apparent

rate constant, k,, of chemical reaction.
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