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Pressure Increase and Temperature Fall within a Hematite
Sphere during Reduction by Hydrogen

Kysji SATO, Yasunori N1sHIKAWA, and Isamu TAMURA

Synopsis :

A sample sphere of hematite, 3.3 cm in diameter, was reduced by H, and the variations of pressure
and temperature within the sphere were continuously measured. At a reduction temperature of 895°C,
the pressure and the temperature at the center of the sphere became 116 mmHg higher and 23°C lower
respectively than those in the ambience.  The variations of the pressure increase and the temperature
fall were simulated according to the unreacted-core shrinking model with 3 reaction interfaces using a
concept of the dynamic effective diffusivity, The calculated results were consistent well with the
experimental results and the following conclusions were obtained.

1) The variations of pressure and temperature within the sphere reflected the progress of the redu-
ction steps of Fe,O3 and gave useful information for the analysis of the consecutive reaction proceeding
with multiple reaction interfaces.

2) The effect of the pressure increase on the overall reduction rate was considered to be remarkable,
because the rate calculated on the isobaric assumption was much faster than the experimental one.

3) The difference in temperature between the center and the ambience of the sphere was not so
large that the calculated results for isothermal and non-isothermal conditions gave almost the same

overall reduction rate.
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Table 1. Chemical composition of the sample
spheres. (wt%)
Sample Fe;O; SiO; Al;O; CaO MgO Na;O K;0

A 85.0 1.7 2.4 043 0.17 026 0.06

B 9.0 7.0 20 022 007 0.22 007
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Experimental apparatus.
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Table 12z i HERPIBROILZEHPTHER R L7z - Sample
ADEE¥ERIZ 1.65cm, BTit 1.74cm, E ¥ B #
WEILATIE 3.30g/cm?, B Tit 3.6l g/cm? TH
fo. Tk, TE LD Fetr+ e Licu o & 2 AL2E50H
THER LT,

2-2 RBREBLRSUICRERAE

Fig. | HEBREROEELR L. NoAHTFHC
AL S, BEREFRIER O b ERIER o 4%
1L.LOmm 25 v v R4 7 1 K%, MICEREDE PO
S 10mm, % X OEREE DO 3 BT OB L HET 5 7=
HIZ 0.3mmg [{E - HE&r oy ABEN 3 I L FA
L, Sauereisen cement “C§% L7z, = DR BER% Fig.
1 DEMURIEERCH L, RROETMER <1 7D

—Vik KR~ 2 2 — 2R LT, BUSEH A2 BKE
</ A= X ETOAL FRKERO G LB < Tod M
W=7 e AREBCTRE L. BRAOREERIEHRH O
B b T oEERSh T L.

FhuL 1°C/min O FRFEE CHERE E CTRELC
Db, Np THLAERED He L A—WETHL
Fo. —EREMFORERE H i) #2 TRATOE
71 & RE DA% S HE L. EEELORIET
1%, Fig. 1 oAf B3z LR BRO®% FIHE L
D75 V@ ETUTERY T, RISEHNBCHD T
TR B & L o7, EN - RERIE DR &
FA—&fTRILL, ABROEERVEXWE L. BER
IE O EARBIEIEELGCRAME 200g,
RIE 10mg TH5. WHEAED D ORABRILPTER
R SR, N, civ#z, Smin BIZRIEED
An, HoxBUTKEEL D 0.5atm F\ REBTHE
L, RIGENERETHHALICOBRY B L.

BT E LA 593 900°C T—HOFREITOT L
DT, F—xDWE L HHEOFIHOEL H Sample
ATir 900°C HELY. L & L, Sample B Tt
900°C LT CETLT S LERhTL % 50T 955°C CfT
“>f-. Sample B ® ¥ 3 iX 4 cm/s(20°C) & Licas,
Sample A TIXZOHLOFETICKIT 5 EILERY L DBY
b 2em/fs X Lic.

3. R B & R

Photo. 1 (% Sample B % 955°C *C 9min @ L7
AREROMEERCTH 5. —BINMBIKEA, FoORNAD
BRG, FERTIEINPIERETH OO THGEBR TR
Lizhh MUl B SEROAMIEEEYHO TR, B
EORARERBTH S Z EXRRTHERATES, &
B oW T XFRET CHRE LcRE R, Sl SR Fe,
Fe,-yO, FesOy, Fe,O3 THBDZ LM FER Shic. &
DEBRZE Y LRRILE kO R ILKIGIE Fe;05-FeOy,

Photo. Cross-sectional view of partﬂiallym
reduced spherical sample.



KFRITBRIZ T 5 BILKH RN OET M & IRERT 1139

900 T T T Y T T T T =T T T T

S e S . ]
- 880F) Sample A Ny
! P, =101 atm ~
860F ! Uo= 2cm/s(20°C) |
Fe,0,— Rp=1.65 cm
|Fes0, — Fo=334 g/cm?
~ 200+ i —Observ. <
£ ! !Fe.-,O—Fe —--Calc.
=100 /N i
a ‘ ‘-l Pr=01cm
< L . ¢ e A
0 1 1 i ] 1 1 1 1 1 1 L v
1.0e — _
“\\h Q\Nﬁgc‘/./ ©Fe,.,0-Fe —
— N OFe,0,-Fe.,O| (L
L osto ¥ R oFe,0,-Fe,0, | {2
> A | x \Gr;n;;ﬁ‘\ =
4 r\:\: N I —-Calc.at Dga=Dy T =
0 1 C\ LI_\L L 1 1 1 1 1 1 1 \}\
0 50 100 130

t, Time (min)

Fig. 2. Variations of pressure and temperatures
within spherical sample A of Fe,O; and their simu-
lated computations with time.
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Fig. 3. Variations of pressure and temperatures
within spherical sample B of Fe,O; and their
simulated computations with time.
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Fig. 4. Unreacted-core shrinking model with
three reaction interfaces.
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Fig. 5. Flow diagram for computer simulation.
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Fig. 6. Typical permeability experimental results
for structural constants ¢,7p and ¢,7p2 of reduction
product layers.
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Fig. 7. Typical isobaric diffusion experimental
results for structural constants ¢, and ¢,7p of re-
duction product layers.

Table 2. Structural constants and thermal con-
ductivity of oxide layers.

Co c1p Cﬁg eA
- cm cm?  cal/cm.s. deg.
X107  x 10710 x 1073
Fe 0.160 2.2 46 4.5
FeO 0,096 18 31 2.6
Sample A Ro'o, 0110 1.8 3.8 35
Fe,O; 0071 1.2 3.0 49
Fe 0.43 3.4 14.0 4.2
FeO 0.16 0.9 2.7 2.8
Sample B fe 0, 026 2.1 2.5 39
FeyO5 0,098 025  0.37 6.4
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Fe, ;O @»'4 5, FesO, B3 », Fe,03 A3 5 D

ZPEEORBEEHETH S, Sample B Tl Fe &
Fe,-yO @233 » 30, FeO4 & Fe,O3 BH 2 30
DREEDOREEHHETHS.

HBYEEE koa 12V —F 7 T o ¥ o RIBERRELE
B % #HoT @IE LI, Table 2 D 4F1HICZ D
RO REY CEH LKL BOEYB@EE OERL R
AL BIEMEVTHhY He &S 900°0C ofi
¢, Sample A it 3 » ORAFH, Sample B TIX 2 »
DEBA ORUEBDOFIHETH 5.

RIGEED HERT ks 3D HEXZFEEL,
RIEOFEA BT X ) KISREME & BITROREEL
BEHEL, FHEEEN Fig. 2 O TR LAERHED
SENCFE Lic i i B R 2 D AR, BRIEECET
B FAN AT fEIL Ko, =0.56 X 107, kgo,=1.1x 107, kg,
=5.6x 107cmi/mol-s TH 5. sk, HEElb=F ¥ —
OIHITERT 5P © Fe_yO-Fe o K JiH © 23.2kcal/
mol DfEX T RIS Avic.

WIEEBERE e 1IARD L 5 CHMERERI hpm &
ESHREGRE O E LTRLE.

t  COBBIRER 10mm, ES 0.1~2mm OMECERENA 2K

T E I R RTR AR CRIE S e hs b, BERNEEETY —¥
ZREL, G (0.01~2.05) TRET 2 BEREE # ) —1c—

EEEIRIOL, ZOREMHEEBENCTRL, FRMER» L
HERERD 5.
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LREN—EELHFEL T B Fe,.yO—-Fe DR
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CDXORHRHDOEN ERESXET S L2 XD,
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Fig. 3 1 Sample B o EBRE M2 A it BEHEEY
FRETaA L, Witho g b FERlE & i2iE—H% LT
%. EAPOOET) - REOEMHIRT Fe,O 23HKT
BEFHE & FUGHET 3 5 B RS R & SRR R OF
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BTN TCRRIROBIERE 0, & co, OEERBH
MHHD JIEME O FHEEDO BN LIELDTHS.
TEfEIL co,=0.43, ¢0,=0.26 THotedt, ¢o,=0.50,
€0, =0.12 ZHBECHAV5 £ I —FK L 1.

LIk, Sample A B i v—va VERLY,
4-1 BiCR~NAIEER - FFSEERITES YA E—RD
BRIURIGEHAT 2 OCELR LD THB E V2 5.

RCRABERBPLE TREEZEENENET L LT
LOMBERETEECEK LIFTEEC ORI L. ¥
DICARERPOLORESRERECSE L & LRIk
EERTFEELCEHE LY. +0/EE, Fig. 2 30
TR TR LIFSRESEEROHERERELIZEA
EFENREDbWRIDON., 22T, O EFREORE
2PN, REBTEECEE L\ E#ERTES.

R ERBE CTENE A Ut WEFEFRSRBL K
ELTHE L., Z0BED DI, LY pP=0
DFATERL TV BRAD Hy OB RIEFREE L
71:1-2. ,

DYE= =KncoDpp/[ceDap+Ka (xp+mxy)]

150 A T L T b T T T L) 1

-
o
o

oo (mm Hg)
(4.
o

AP,

1.0
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r o 10 20
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Fig. 8. Effect of initial radius on pressure incre-
ase within hematite sphere.
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Fig. 2 L3O T OHBEMBEL—HPERTRL
oo WIhd, FEREELCHEREBIESE A
BRINIFLIEL 2T Hh, BLOKRTHENT
Sample A ¢ 125min %5 75min &, Sample B ¢
'L 83min /b 48min ~ L 409 FHEL o oTuw 5.
Z DOFTERE R EE 2 DB O THBeT 5Kk E
DIEREC R LITTRROENOEE N EBETE v
CERRLTED, EROFERFERE LB HEx
D X5 HIFEFROBILKICH A L ULl bicw o
EKRT 5.

BB, BRERD APk X iETEE > WTREL
7-. Fig. 8 |t Sample A % Fig. 2 L [F—4&#CT Rp
DH% 1.65cm b 0.1lem FCEE IR EO
BRERTHD. Mo EFHIIRPL (=0.0) LEHEELD
ENZE APE2RBLERXCHLTT ey b L. HOTH
TELEHBCTHS. Rp 2VNEL b AP E 7o)
I BBBEDNEL I BERE Rp o/pEL b8 E
Id FEL L /MEZV, Rp=0.1ecm /NIRRT T
AP OFKfEIE 36 mmHg #3RLCW 5.

4. & B

) #4353, 7 G EEBREYEALIESE,
IEFEFITRC X 55 EHRIETLR, ABRAOEN

t2 1,0 0 DIF=0 2z e D=0 ox 13 0cs 2 005,
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BEEMAVSE 114min 122 b, FEFOBTRIBBICIZIEALES
UK 72558, FezO4 MHHET 2 KEIIRFIFEEDHED 32min X D
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LR LU RIGREALE O TR ORRIZ L iR b 5=
PR E L —%KL 7.

2) FAHBERADOETT ERE I RBO LR G L
THEL, BEE_SOBITIIGD X 5 O RKIGR
% & O CHITT 2 BREIGD BB ety 52
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3) ARERPSBOENSFEEND X bR 5 HE
DRETGERET I TIETHEIREL, FEXREL T
H, DBEMIKBERBEAE>TEHE L BT E B RS
RInIFLLEL ook,

4) FRERPOEFEEEOBREXAINEL, HERE
FERARDVCThOFEARIRERTEE TIZEAY
ED LD,

Appendix 1

5D e A RIEEDOF IR EORD 2%
FIGCHERT 2 ERARD L ol s.

1/D3p= (xpa+mxp+Hy/Ky)/(m—1) Hy

1/ (Dap) epg cwerreverseeseesnenes (Ar1)
Hy=[Kp+Hypy (xg+mxp)1/(m—1) «oeeeee (A-2)
(DaB) ott = Dap, Ka=ciipV/ RgT/ My,

Hoy =G p2P/ iy +oeeeeveenesensenesenciins e ens (A-3)
m=Kp/Kpx=V Mp/Mg - weeeeveeenienecn (A 4)
6(—), erp(cm), cFp?(cm?) ML ILHE KO RFEER

BThsn. Dip BEREDIST EAHNEK x5 LIEHP
HEURERTHD. Diy ARDH1- DR IWHEETS
BORED xa X0 P OREEHELE>CEHET
E X,
Appendix 2

ZIBEBERC BT 2 —RoKE0 MO HBRIIK D
X 5 K%éhé”“’).

Na=—(1/RyT) (Kp+ecifp?P/pa) (dP/dl)

(A -5)
oL, BHT 5 &
(L/Sp)Pows  [My — _ Py+Py (M,
AP R,T Pt zﬂA \/ >@”’
= (A-6)
k#ﬁ,mJLwP“

.1-".".
v
Pz' ﬁ" po Vo

-
aP
v + (a) (b)
Fig. A.2.1. Outline of gas flow for permeability

and isobalic diffusion measurements.

Sp XFRERBERF OWERE, L ZLTOEZTHS.
Fig. A-2-1 (a) CESHHAD D OEERZR LT
S AL AP DEFER T 0y OFETHL, FOR
D—KED Pi, ZIRED Py, v HBIET BIEOETIH
Py Th%. Eq. (A-6) ol fidnc, HH 2 1
FEMMAOEY BN L oT 7 r y b THIEFOEROA
AL cofp?, HEMDYIN2Y e TH 5.

BEFETRTAHEEFERIT Evans 510 L Scorr
BB HBRDO LS ERING.

Nue —~KpcogD3s (P/R,T) . dxy
AT oD3n+ KaP[xp—x5(Na/Np)1  dl
(A7)
D33=PDAB
oL, BEIT5L
P(xAl xAz) . ] 1 _
E/SHPIY ~ Ka | aDi, rm) e (A8)
coD%s/PKp+ x
s _ In| £e248 A m2:|
Xm (xmz xml)/n[C“Dig/PKA—{- Xm,
coDis
———PKA (A-9)
Xm,=Xp,+Xa,[Povoxp,/Povexa,] «-weee (A-10)
Fig. A-2:1 (b) I& & D¥&DBEAR LR Lz, Bkt

FOERETHIOALBOSHAEENPOFET TR
L, EFREBC oo o B0 ofiEs o8, N
o Py, A DBRED xa,, B ORED x5, TH5H. Eq.
(A-8) DEAZ KT, FHUHE 2HED PR, w il &
DT7 ey bFhE, FOEBOAREGHFIS ¢ &
ofp DMEBLNE, ZOHET ¢ & cofp ZRDBT-DIT
FEEDELHEABRETHS. Eq. (9) TRAD Fn
FHF B F DI oDis/Ka=0 RET 5.

Fig. A-2-2 IEEREOHMELR L. HEE 5~10

-

@ Pressure requlator @ Needle valve @ Oil manometer
@ Hg manometer @& Dif. Pres. transducer ® Sample
holder ® Pressure controller ® Flow control valve
® Thermal conductivety cell @ Soap fllm flowmeter

@ Ball valve @ Standard gas of Bin A @ Standard gas
of Ain B ® Pressure gauge
Fig. A.2.2. Experimental apparatus for measu-

rement of structural constants.
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1144 g & W

% 69 4£ (1983) 9=

mm, £ 3~5mm OFRERFERA %, LA
DABLREIOREDTIcEX 3~5mm, HE
DAT v L ABMARCESERICEEL, ®@0% vk
WE =T ADARy F v EFEOTERT S, —BORMAE
DWW DOREL BB IENE S TH BN, BETCE
T2 BORUEIERLETS. HEORAE CIREBH
DHPUOENZ—EBHMEE LA D, EHER¥eiT L
THRETEh? 2 HOBYEEE v VRICHEN Ad—
EERETHL, BCFx » ) 7HAS E/—FM4THT
TEDDETHD. BREEVORELE E i i F
T, HIERIIANTY v ALk E—Hao=Hpedh
W T, BEORKD QEEOERS ALMES A L[
— iR CEMRERE VI U CRE L.

30 mm

! 5

C: KROERE=P/R;T (mol/cm?)

Cs: {b2EHMBHE S A KEE, Eq. (7)
7= ( mol/cms3)
AEEKARITE T 5 Fe,O3 OoWliEE
( mol/ cm3)

Cos €,7p, 6,7p? : Eq. (A-3) CTEHEL S ILEBEKOKE
EHRE (), (cm), (cm?)

Dap : 5 FVEERE (cm?/s)

Dis: latm [Tk 5 5 FUEEUERE, =PDas
(atm- cm?2/s)

(Dap)etr : Eq. (A-3) TEHLASILEBRKOHL
SFIRE RS (cm?/s)

Dip:Eq. (A'l) CRELEEAHBEREDO L4 F 3
v 7 RERIRERE  (cm?/s)

DT’ : Eq. 20) KEH L SETICE T 2B
R (cm?/s)

E :FEHib=%A£— (kca /mol)

Hy, :Eq. (A-3) TEHLAMERAGEE  (cm?/s)

H.:Eq. (A-2) TEELARKGBEOZAR (7))

AdH, : IJGE  (cal/mol)

byt BTEEERE  (cal/cm?-s-deg)

kma : WEBBHREK (cm/s)

ks (b RIGHEEK (cmf/mol-s)

kso : HEKRTF (cmi/mol-s)

K, : Knudsen Ph#i{R¥ (cm?/s)

L:#ffoEs  (cm)

My : BHADSTE  (mol/g)

m : =Kp/Ka=1"My/Mg (—)

my: UCHREOBEMmMBE Y b O RIS HEE
(mol/ cm?2s)

Ny : & AEE (mol/cm?.s)

P:EJ}; (atm, g/cm-s?)

Py HFRBEIEIC S T 5 Ao aES  (atm)

Rp: ko (cm)

ICEEL

ot RIGRE DEE, 727 L ro,=Rp (cm)
Ry : ftkE ¥ (kcal/mol.deg, g- cm?/s?-mol-deg)
Sp: AHRABH OMEHE (cm?)
t R (s)
T:1/8E (°C,K)
o} P EFMBBEIEC ST S AMOM ORE (cm?/s)
xp:EwALGE (—)
Zm :Eq. (A9) TEHLALEHEASER ()
X B
2as P Hy O¥5EE, Hy & H,O OREME
(8/cm-s)
<IWF>
PRASKREA, AT H
PR EARB, RN TIE H,O
C RIS SRE
HE (o= B 1)
:ABE S AENR
PERE®
: Fe %7k Fe-Fe,-y AT
: Fe,-y J8% 721z Fe,-,-FesO4 B
: FeyO, J& % 7213 FeyO4-Fe,O5 T
iEL, CSZ, CS;;! CS4 bj:Fel y }E Fe304 }Eé’
Fe, O3 B

o
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