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Operation of Pilot Plant for Fluidized Bed Reduction
at High Temperature and Pressure

Isaco MORINARA, Kiji KAMIYA, Kazuyuki SAKURAYA,

Nobuyasu KITAHARA, Masaya OzAwA, and Minoru TANAKA

Synopsis:

In order to develop a direct reduction process by fluidized bed, experimental operations of a pilot
plant were carried out. The plant comprised multiple fluidized beds with both counter current and
cross current contacting of ore and gas in a reactor of 25 cm inner diameter.

The results are summarized as follows.

1) Stable and sintering-free continuous operation at a maximum temperature of 900°C was carried
out, using coarse particles of Hamersley iron ore (16-115 mesh) under pressure of 7 kg/cm?G; the
product of a reduction of above 959 was obtained, the utilization of hydrogen gas was 179, and

productivity was 55 t/mz2d.

2) The distribution of fractional reduction in a fluidized bed was surveyed by magnetic separation
of samples obtained from the bed. Reduction rate of particles in the bed was obtained directly from
the distribution curve. An operation analysis was made on this information of particle reduction.

3) Operations using a partition plate designed by the authors were successful and effective to

increase reduction of products and productivity.
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Table 1. Particle size distribution and chemical composition (wt%) of Harmersley iron
ore used for the pilot plant operation.

mesh | 16~24|24~32|32~60 | 60~80 80~ 100 ¥ 5

—115 T. Fe | FeO | SiO, | ALO, P S

35,9 17.2) 25.7, 9.3 5.4 3.4

wto%

3.1 65.07 | 0.64 3.42 | 2.04|0.056 | 0.008

Mean diameter of particles, Ep:0.0387cm
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Fig. 1. Schematic diagram of pilot plant.
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Fig. 2. Relation between temperature of each bed
and temperature of gas entering.
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Table 2. Results obtained from the pilot plant.

No. 1 2 3] 4 5 6 7 | 8 9 | 10
Feed rate ke/h | 56| 112 93| 153 | 209 | 113 | 124 | 124| 155 | 122
Press. of H, in reactor kg/cm? 7 7 7 7 7 7 7 7 7 7
Flow rate |Nm3/h| 330 | 280 | 331 ] 341 | 333 | 275 | 264 | 261 | 294 | 250
Process gas
H, % | 98.4 97.9} 96.8 | 97.2 | 97.2 | 85.0 97.7 ] 97.7 | 94.3 [85.6
Flow rate of O, Nm3/h| 4.5]| 6.5 } 6.5 9.5]10.2] 6.0| 3.8! 6.4| 8.0 ‘ 6.8
R-1 — = | = = =] = 95| 30| — | —
R-2 750 | 580 | 580 | 565 | 540 | 610 | 430! 565 | 590 | 610
Temperature No.1| °C 900 | 860 | 780 | 870 | 651 | 772 | 842 | 873
R-3 890 | 894
No. 2 940 | 893 | 836 | 925| 726 | 843 | 859 | 889
Gas
B roduced 1000 (1100|1060 1180|1200 1100|1005 1155 ‘1150 1150
R-1 | | = = = = o] 45| —| —
R-2 53.5 | 17.1 | 30.0 | 11.2 | 11.9 | 21.1 | 4.2]15.2| 15.5 | 14.1
Reduction %
No. 1 95.3191.9|69.2/90.7| 44.5 71.sl 84.8 | 82.5
R-3 97.7 | 95.9
No. 2 98.1 1 95.7 | 80.0 | 97.6 | 63.9 | 87.6 | 91.0 | 92.0
R-1& R-2 3.6 | 2.7 &4]20§&0 40| 0.8 2.9 3.4/ 3.2
Utiliza | o 4 No. 1 50| 127 14.929.2 | 29.0| 26.4 | 15.2 | 21.4 | 30.5 | 30.5
tion No. 2 0.6 1.4] 55| 26| 7.3| 6.2] 2.9 4.3
Conversion %
Total 6.6 | 15.4 11.2’ 17.3 | 20.2 | 18.5 | 12.0 | 16.7 | 20.1 | 20.6
Combustion 2.6 4.7 4.2 5.7 6.3 5.1 29| 5.0, 5.8| 6.4
Total 9.2 1920.1|15.4|23.0|26.5|23.6|14.9|21.7|25.9] 27.0
Production t/d 1.0 2.0 1.6 2.7| 39| 2.0 2.4| 2.3 2.8| 2.2
t/med | 4.4 | 8.8| 7.1(12.0|17.3| 8.8 |10.6|10.0 | 12.4 | 9.7
Productivity : —
t/m2d | 20.4 | 40.8 | 32.7 | 55.1 | 79.6 | 40.8 | 49.0 | 45.8 | 57.0 | 44.8
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Table 3. Comparison of operation results of NRIM Proces and others.
: Yawata
NRIM Process Nu-IRON Process Token Process
Feed rate kg/h 153 113 30~60
Flow rate of process gas Nm3/h 341 177 150~250
Concentration of H, % 97.1 85.0 80~97.5
Temp. of entering gas °C 1180 870 600~650
Pressure in reactor kg/cm2G 7.0 0.1~0.2 2~3
Temp. of reduction °C 890 704 550
No. of stage for reduction — 3 2 3
Degree of reduction % 95.7 90.0 90.0~95.0
Utilization of H, % 17 30 11~12
Total mean residence time h 0.52 17 3.2~4.5
4§ Production t/d 2.7 2.0 1.1~1.4
. Productivity t/m2d 55.1 14.5 15.6~19.8
03
/’/ 30
T3 /
> ° <
:<2'552 ¢ /;\'g‘?)g, / Qw/F 1.91 Nedikg
| o/ O S Temp.827 °c
¢ O / /// R 0.8926
g o2t ° 20l
o
& O
@
e
)]
©
0.1 10 +
0 ' 1 2 s 0 [ = 1
0 0.2 0.4 0.6 0-8 .10 0 02 04 06 08 1
F1QHz (kg/Nm®) R(-)
Jg : Utilization of hydrogen gas by reduction [—] « : Weight fraction of iron ore particles in bed [—]
7¢ ¢ Conversion of hydrogen gas by partial combustion [—] Fig 4. Distribution of fractional reduction of iron
T : Temperature of R-3 bed - X ‘1 bed of R-3
Fig. 3. Relation between utilization of hydrogen ore particles in bed of R-3.
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Fig. 5. Relation between residence time and fra-
ctional reduction.
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O L 0 2B KT 5 FERTEY R R2,2 *** Rais

ey T B EROBBFERIE OIS,
Ry i<R;:
_ 1—Ry,; 1—-R, ) 1—R, )
1-—R2,;———4——1+K2,Z - I+K2,22Xa,z+ 1+K2,,22Xa,1

cereeenareneene (16)
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Ry, i>R;:
-_— l—Rl,‘
1—1{2,=?K2”‘Z_2 (17)

E T Yoi FBETLEKTFHIE D R, L LoFEAEZE.
LR OTHE 2L, R UT0d 00 PHELR
% R'a R UL EDL DOSEEBTREY Ry R, L Lot
HHEE 1 & T5 LE2EOFBETE R 12 (18) /¢
~EN5,

I=Re=(1-Ry) (1 —23) + (1 —=Ry'") %2

mot _<1~Rl,,- 1-R, >

T N\TT R, T 11K,

m=1 1R, n 1—R, ; -+ (18)
'+¢§1“’1—+1g'7 Xai zé;“'14-5;“g

m—1 n
2= 2 aiyait 2 a
i=m C Rym=R,
i=n T X a;=1

1=1

EBB2ED Jous IXHELMBRO R, L hRD BRI 2.
72 Yous & K’y KV L OBIFRIL(14) R & AR
LB, HRIhABTLHELOBITEIL Ry X VS0
T A=0¢k5®, ZoBRTADRTEL bR 3.

Je—Jout
Je—Din
LSM*E' (1—R,")
Be'= Q*
L5M*E" (1—R,'")
B2''= o+

CHOOBEN D, BELENEL DRITE 25D
P PHRTRIFEC I OTRD RS, 20X 51
LTRDI A I vy b 75V OBELEELLD R-
32D M FERILE O FHEEY EBRME L & L1
Table 4 ©ZiR3 . FEOMEILIEIN L S —FK LTIk b,
L7cidi 2> CLLE DN % A iug, & sHSEste
BT HHEBOBILREY e ) ORBETHET S = & M35
BEThs.

=g—{B2' (1+x2) 482" "x2}

- (19)

35 BRECRIEITFEROEE

CDAfwmy 75 v OBESAENS R-3H 15,
B 2EBDOVPHRITEOHE I I D\ TRAFA, =2
T OFIRECE S %, B¥ERITTHEHR O
DOUWTHERY L7,

SEMC X Y 25%Xhic R-3 018k R-2 ¢
FHRT SRR Shiz B &0 Qu,/F ¥
RN, 4 L OBRY R-2 COUADBILE, Rr
ERBFIETHELNLFHETLR, R kT4 —4
— & LT ETLEE 850°C 044 Fig. 8 iRl
Qu,/F DL B & b e k&R EBBENRD Y, Ra=
0.90 21254 BT 1% Qu,/F=1.5Nm3/kg L]
TTRCHERTS. CHIIBROAEZSOBRED LRI
XV BETEEMETT50DTHS. chiedl, B
DIEITLE, Rr BB, I 2/ T 5082 o[
Qu,/F DN ie Bz EZE L. Ry=0.95 %182 7dic
X Ri=0.90 2B 2BED F 0 4~5 f2LETHD.

R-3 IR I v 28 S Sh e Rm% FERT
R, R;=0.95 ¥ TERITT3DOIETLE 2HTOBY

1

T
No.! Room l
Temp.l 850 °C

Rr 7
—_— 01

0 10 20 30 40 50
QH,/ F (Nm¥kg)

Fig. 8. Relation between 7, and Qu,/F in case of
obtaining products (R =0.85~.0.95) when
reduced ores (Ryr=0.1~0.3) are continu-

ously fed.
‘Table 4. Comparison of the experimental results with the calculated values.
Temp. k' Feed rate Flow rate R,
(°C) (min-1) (kg/h) (m/h) - -
859 7.5 155 139 0.933 0.910
876 o | 12 162 - 0.958 0.955
880 12.5 113 136 0.955 0.954
890 17.5 113 126 0.964 0.951
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Table 5. Effect of partition plate used in pilot plant on reduction.
Example No. I i

Number of rooms in R-3 1 2 1 2 1 2
Temp. of R-3 °CG 813 870* 847 850* 894 877*
(Temp. of No. 1 room °C) (772) (842) (860)
(Temp. of No. 2 room °C) (843) (859) (893)

Flow rate of hydrogen gas : Qu, Nm3/h 276 255 209 277 280 331

Feed rate of ore : F kg/h 112 124 112 155 112 153
Qn,/F Nm3/kg 2.46 2.06 1.87 1.79 2.45 2.16
Conversion of gas (H,) — 0.184 0.217 0.255 0.258 0.201 0.230
Fractional reduction of product — 0.877 0.876 0.863 0.910 0.959 0.957
Productivity t/m2d 41.3 45.8 41.4 56.3 40.8 55.1

* Average of temperature of No. 1 room and No. 2 room.

30

No.2 Room
|
R2=0.95 const. Temp. 850 °C
0 T~ | R=085
€
E
1< ~_| -
. | Ri=09
10
—_—— ﬁ1:0925
c 1
0 10 2.0 3.0

Quz/ F (Nrivkg)

Fig. 9. Relation between i, and Qy,/F in case of
obtaining products (R,=0.95) when re-
duced ores (R;=0.85~0.925) are conti-
nuously fed.

Bl 2 & Qu,/F EOBR% Ry 9 A —x—E LT
Fig. 9 iR Ly, 828\ T & whiET Qu,/
F D838 1 8t Th&un.

R-3 %58 E B8l LIcE &, 2EIRE Av
ISCBEEHRONT, FA—ERRITGRYE DO hEint
NEN OB BRI A R OBZERMERZE & UTRE L.
BTG Fig. 8, 9 LAk 850°C L L, Qu,/F=
2.2Nm3/kg, Rr=0.2 :3iuf, BLEBETXK 0.95 %
BBy, DEROMEED R-3 ToOHERFRH
13 Fig. 8 X0 #) 43min r7c%. Zhicxtl, 2%
ZRAWT R-3 OBWIERYSSE LSS ITmERD
BEEpHEY CHE LIS REEAERL, B 15,
F2EDOFNFIILOWT Qu,/F=1.1Nm3/kg L 75 b,
=t &b, EBXD Rr=0.2 ogiAMEEINS

EHE 128 C f;=14min T B,;=0.89 %L, X bz
DBITCHNIE 2R CTHE— DR, W L (4p=14min),
R:=0.95 =835, Lis>T R-3 CoOWBERHED
EEHxHy 28min gy, HEROLVGEHE DK 2/3 1<
EETE 5.
HEORESEC BT 5 58Re Auvicsha s v
WA OBREKROKE Y Table 5 wRrd. [ Cixsl
R TRIIIFIEE LW, SERYBWISE T AR
PR LEEEAE L LS, T ABERKRINZIES
L, BREBETENY 0.06 EH U, EEHEE 15t/
m?d FERLCTWS. [ TRV TFhdBEETEILEE
B 0.95 iz, BIEELWETRELDTWB,
S BN A AN T A 0 o7 ARSI 0.03, A EMITE
14t/m2d DK% R L, Table 5 R L7 Cidmd &
WIEREREY B,

PED X 5oz Auvwe R-3 % 2R H5E45
zolir, MRRTE yAFEE SRR RER
Thot.

4. &

PR 25cm OEIRMEREBRETL My 7S5 vV D
KEW X BERBIT, ROFBRYEL.

(1) 16~115mesh O} EHIFH D Hamersley §La%
AV, B - TEROFHOMEFIT L), KEcHERE
BafT\, BURSEERILER 95%, »AFIRERK 17,
AEFEMERY 55t/md R 1§ 7.

(2) LPG phigerc 5 MEEME 2 B AKE~ DR
MR XA X B I BRBE D PRI INERRA 77 A DY
1200°C ¥ coFRRIEBEHTH O,

(3) WEE,» ORI EROERIC LSO TRERT
LHEEL, BORhERTLES N DBRNOHEART D
BLOEEYBEERD L - EXATEL. Chici 3 EE

il
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MENRTCIF OWEMMIFTAITOIRE R, L LR,
R TR RFEI L oTRD B Z EAVCE, HEME
SEEREIT Y L vw—F kR L.

(4) FEEHOLVER LHER ST OFERTRY
AEN O FICERTH O

AR E BT T H D v RIEERCH I L Cnicis
WIRCMERGERT O KB E SRS 1 R R, BEFES
%ﬁ%3ﬁﬁﬁﬁ,ﬁWim,ﬁ§&%,%ﬁﬂﬁﬁ%

> TEREL, rPHENE, EKIGES, &Bses, T
%%®:#%%$&H%E,E%m%,%#ﬁﬁ,&ﬁ
gk, EVP—%, MEER, EMRBCHEEIHE
BRLET.

& 5

E(t) : §LART oo v S e R o0 A BA 3K

F : A8 (kg/h)

F*:Fe = HITHE LU - BOEE (Fe-mol /h)

K': Ry~R, MO BR»P T ORTHEEHR (min-?)

K'": Re~1 Bl R 0B m#EE K (min-1)

K : HAREZER LIz Ry~R, D BTHE F5

(min-1)

E' . FRAPEEREE L R~ BOETHEE R

(min-—1)

M*:Fe = L BICHEL-BRILER (Fe-mol)

Q*, Qu,: KERE (mol/h), (Nms3/h)

Qp: BT AME (Nm3/h)

go, : BRI E (Nms3/h)

R, R: BTE, FHETR (-)

Ry: mETEbp cERBCRET L IETER (—)
R, : Bt RMESARITETTSLZ5DELER

(-)

Ry : ML DR TR (-)

Rt Re~R, O A F O T8 TR (=)
R : R~1 MO AT O FHELX (=)
R :B1IEOVHETR (=)
732 B 2EOREETER (—)
Rii'B1EiKS5OEHEELR (=)
R B1IEFiXSOE2EITHT 5 FHETR
(=)
t, ¢ SKERFORBNMEERM, FEHE  (min)
tet Ry % T OB T E S (min)
y:kERELDE (=)
Yo : FeO-+H,=Fe+H,0 0 FHAKERENpE
(=)
Jins Jouts 5’1}%7\5, E:Hlns qu@Zk‘ﬁ%E “‘E/"%?A
(=)
BRI T AERITE S (=)
PRy DETLHBHTFOEESE (=)
ﬂ' g" 2: (12)RTEEINRE
v B MERERORETHREER (=)
7, Nc: AUKELTWE, oM X 5KRETHE
(-)
7R BILITE BAKEY AFEAR (—)
1R, L EOSERTFORERE (—)
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