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Application of Segregation/Mixing in Gas-Solid Fluidized Beds
for Chemical Looping Process
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Abstract

Experimental studies were conducted on char mixing and separation in bubbling fluidized beds for fuel reactor of
the chemical looping combustion and gasification. =~ Good mixing promotes smooth heat transfer from the carrier
particles to the char, providing the heat necessary for pyrolysis and gasification, which are endothermic reactions. In
addition, the gases generated from the char come into good contact with the carrier particles, thereby promoting the
reduction of the metal oxide. On the other hand, well mixed char in the fluidized bed flows out directly to downstream
reactors. For example, in the chemical loop hydrogen production process, the char enters the hydrogen production
column or air reaction column.  The effluent char produces CO and CO2 either by water gas shift reaction or combus-
tion. This causes a decrease in hydrogen purity and carbon dioxide recovery. In this study, we experimentally in-
vestigated particle mixing and segregation in the incipient fluidized beds, whether coarse particles were staying or
ascending in the bed, and measured the particle ascending velocity as well.  Then, the forces acting on the low density
coarse char particles were clarified. The results obtained in the incipient fluidized bed were extended to the develop-
ment of a model for char particles to ascend or descend in an violently fluidized bubbling beds. The emulsion phase
of a fluidized bed was assumed to be the same as the minimum fluidization state. A model of segregation and mixing
in a fluidized bed was also developed, and the conditions were clarified that show the downward velocity faster than
the upward velocity of the floating particles.
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U

Lyngfelt[8]( Table 1 (25574
72 FE 2 O A RF LT — T

Table 1 Test results from large scale bench plants for Coal combustion [2]

o o - Alstom Darmstadt Charlmers CsiIC
Besr T 77 2 MICBT 23R (pantCapacity | 3MW | 1 MW* | 1 MW 100 KW 50 KW
MERAEFLEDTND., ZOHFT, [Fuel Coal PC LC PC PC PC IC
Darmstadt jii@ IMW 77 R Lattif:e Oxygen CaS04| iimenite | ilmenite | iimenite iimenite iimenite ilmenite

) ) i Carrier +Mn ore 1| +Mn ore 2
PRREIRD L, I (PC) & [Carbon capture 96 80 ||44-52 || 9899 | 99 99 90
A L2354, 50 %FLFE ORI A [ncoz [%]

. N N Carbon loss by
Q - S S - s -
MO LIS &> TEE FHISHE |orugration 1np (96| ©° | 50 | 5 35 26-46 8-12 7
- & o demand
LTz, —J7, 8mm 7 Q"Oyf[‘f,/:] eman (25038) 2228 | 1725 | 8518 | 1117 | 10
) N (2 ] -

O R (LC) A ffs L7235 AP [kPa] 75 1425 )
B, 50 YR FE N ZE USRS THABE  [Inventory [kg/MW] 156 105 300-500 480
L. Ter[C] 900 |920-950|965-980| 960-974 | 970-980 | 990

* not isothermal PC: pulverized coal < 90 ym , LC: Larger Coal <8 mm

A\ L N
BRI ER OO LI A 7 = IC: Intermediate sized coal 90 - 300 ym

D& TR E A AN S
Z LTRSS DY, RGN EE~OFH 2B <7212 CS (Carbon Separator) 72 E DR ENMLIE L 705,
L7 L, Darmstadt KDY A7 ATIE CS BRE SN TWIZ bbb 6T, MR TIE CS 2HEREL T
IR DN o T2 RTRBIEDS 5 3o s .

TIET, LR BRI T (Jetsam, Flotsam) DIRA « fRIZ DWW TIEE < O MTHI, KTk
BRI ERA ST TEIZ[9]. 07, WU WM EIRRE T -<oHL O Bk IR
DIRAE &I OWTIARHZR AN L. FTo, Bk 2RI U7 @RHERFEEE O BFIEIC BV T, STain
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295, S, WMLSWE b L7 ) =7 ) ZIEORL- O IR A IOV T b ERIITKRG,
L, ZOREIZEBILET VERRELIE.
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2M+0; — 2MO +FEE (1) el TR AR
(2n+m) MO +CyHom — (2n+m) M +nCO2+mH:0 (2) EoL TR FR

fe(b TR Tl 800~1300°CDOENE AL L 7e s DB LRI T MO 2155 . ZiHdiEic TRICHEIT,
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Hydrogen generation Reactor
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IKFEBHEDT-DIC FR & AR ORI R * ek B | e — M +CO, + H,0 + Endothermic
KFEA i (HR: Hydrogen Reactor) MO + Visible Heat : h:‘:tTl:;Z
EMAT 3 SHAOBMHT, =2 e} [ M:Metal, MO: Metal Oxide | Hydm—'ca,bon

TIHDRDAF =BT AT 2 R
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. Fig. 1 Schematic diagram of Chemical Looping System
ZHELTWD [9].

(n+m)MO + CyHom — (n+m) M + nCO + mH,0 3) b — T AL, FR
mMO + CyHom — mM + nC + mH20 4) PRFAHTH FR
CO+MO — CO+M (5) CO b FR
CO + H20 — COz + H (6) 7 SO FR
M + H20 — MO + Hz @) AF—LT AT VUG HR (HR)
CO + 3H2 — CHs + H20 (8) A B R FR
C+2H; — CHq4 ) A B R FR
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3. J2BR

3.1 FEBREEE S JOUE

AWFZETIRIRENE NI T 5 3% EPEROR 772 & QNCHLRL T2 D W T DIRA - BED A H =X L& 5
2T 5720, R/NREMEREE COR 7% L2 AT 2R T &, ZREERICT V=T Y RETO
BT ERPRA EEAT DR EHLMNICT OO FEREITo7-. FEBRICHEA L7 5 MEOENE Ok
BTk YA il U [ R A L h IV VA o S A N N @ G O sy

3.1 iiEE
IBA - S EEFEERIC I S FE oW 26 A Lo, SRS EBhE - 284 T1T 9 72, T 2 TiksF
EDHRT.
(a) /MR 2 ROTIRENE @ 100 pm AT OVE BRI DR S - SrBEEERH
B 50 mm, AT Smm, /&S 600 mm (300 mm~600 mm : JERES TR LEpHNZAE )
(b) 2 oTIiBIE : V% EMEHLRL 1 IR A -y BiESEER ]
5 300 mm, H4T 10 mm, & 1000 mm
(c) JEFRUREIE « % EVEHLRL T- OIS - /o BESE OB, T8RRI C O BT R BhE R E A
& 400 mm, H17 100 mm, & 600 mm
(d) /MR 3 RotiBhfE « % VDR 7 O B/ N LR BB TORE - Sy BES M ER A
AL 40 mm, S 600 mm
(e) 2 RITIRENE « ¥ LVEALRL 1Al R G - Sy BEIEHERERS O A 2h M rfess H
5 280 mm, 47 20 mm, &S 600 mm

3.1.2 K7 hHids
7% _EMEHLRI 7 (cF: coarse flotsam) D
JaHi#RlE Fig. 2 ([RTERIC 1/8 A T

s S _ N T
FELomZl Lz 1 mm O Flotsam Release

particle releas

LR SN D. Ao E < Hl D
L TF v — Bk A2 [EE T E DA
IZLTWaA. /i eIREIC R - 72

coarse Flotsam

TN (A T & T TR S £ ik % 450

W, §exdl< L TRBENCEE £ N\J

VEHLEL T2 S % . 7es, RIFHOHRE & 270 Dispersion plate
E

(CHRRL - N ICH 72 B2 XD (T
ST T CH B e . —
% PRI - (fF: fine flotsam) % Ji% Wind box W

92 56 13 & O 1S 130D+ &

e . _ Fig. 2 Schematic diagram of carse flotsam particle release
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ZENICESEIET 7 ey Fa—T7 (116 4 > F) ZFHAL TS, kit 1 @EHT 0T, 4
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3.2 MRRI 7 & FER 5k

LdiL IR o Table 2 Properties of bed materials

Table 2 [IAFERIC 72
FEEIE R OMER AR LT b Name Material dp [mm] pp [kg/m3]
Thd. Yuvzr NTHE Zr Zirconia 0.1 6000 BM1
LT D& TR F v U THE uB Uni beads 0.1 4200 BM2
TAIXRIRI DA VA F A B GBL Glass beads L 0.39 2600 BM3
T, KL TEEN 4600 kg/m?, GBS Glass beads S 0.18 2600 BM4

B8 0.1-02mm TH 5.
FolHELELTYLVa=T
A—)L b o= v — X &R Table 3 Properties of Flotsam used

EA L LTV, Fz,

HT 2 b K TR Name Material dp [mm] Pp [kg/m3]

AT H TR % U 7 L] BB Ball Bullet 6 1000 cF1
L 2600 kg/m® T 5 Z &b PP Polypropylene 3.2 1000 cF2
B3 L7=. Table3 (7% LKL PSs Polystylene 9 20 cF4
RiA- & ki~ DM % o~ PSm Polystylene 5.5 20 cF5
7 EVEHLRL T, cF I3 RIS PSL Polystylene 3 20 cF6
5 M EEAL. KFEENR HG5  Hollow glass beads < 0.05 700 fF1
1000 keg/m® CRUFEEAT 6mm - hG7  Hollow glass beads 0.05_0.07 700 F2
< 3mm, BiT, AR 39 HG9  Hollow glass beads  0.07 0.1 700 fF3

mm TH DN, K5 D i

PRV 20 kg/m® DK Y R T cF: coarse Flotsam, fF: fine Flotsam

VVEREZIRAT.
T EVERSORL -, fF, & L C 3 FEBRA TS, ThU, R FHEN 700 kg/m? DHZEH 7 AT, 5250bITIC
K ORISR T L T 5.

FHITE 1. (R NEB R BB C OIRA & 5T

e/ NREMLIRFEIZR - 72 (d) D/ 3 R ST i ED
JEWIZ Fig. 2 \OR T HIET 1 E O EPEHRL %
WL, 5T 200 L g S0 EHET S -

L OV M LM ORI E R LT, 12 % ]
LT H BRI LR T ABE ARV EA * L Bubble
i3, TR EBRRIES X0 LHET . :

Fig. 3 138/ NEBMIRIED 2 W FEBIIE - ik ;.3
TR o TR T2 B LT SO T % BEEEE A 0 mm
FLTWS. JEHBNO—E RO T4, 77 : , : o
By Fa—TEMEo TH UL, MK T 08nD
BAET 4 VX NET AN AT OB MERE % #
STHIER L.

vepaMMe.
leasgr

Fig. 3 Image of light fine particle release into fluidized bed
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(a) Before fluidization

(b) Free bubbleing
Fig. 5 Fine flotsam distribution in gas-solid fluidized bed
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v, fheihi iz IR S psL|m m
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Fig.6 (a)lX 7 A 2 Pk % T e
BN R 7

& X OFERT, B 5

THICHE > THERNEZ A - ;
(b DT B LT (1)0‘5 0%(51.@0.301 (;.Ao 0.1
HEDITHRD T ENGH F, [N
7. Fig.6 (b)lLH AZeHHE (a)

10°

Up=1.1 Uy

o .
@
@ |-

c [
@

i
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0.0001

0.001
F, [N]
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Fig. 6 Whether coarse flotsam will float or remain in the incipient fluidized bed.
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B 7 JEJE Fyw & V%) Fo & OEFRIZLL T OERIZ 7
S TU =,

Fw=10F,  Uo=1.0 Unms (10)
ZZT

=7 Fv = (pr-ps) (xD%/6) g (11)
BT ©  Fw=pr(nD¥4) gh (12)

Flo, WARENRREL DL, L0/hERE
HTHETDE YT T.

Fw=100F, Uo=1.1 Unms (13)
ZIC, pr RITEERL, ps ¥ EVERITEEE, D: kI v
£& Fw < Fo ICHIVUTHBIHIZ@N % EA-T2133C
HAHD, FINIRATEIED 1/10~1/100 450 A -
TBY, L0/hESR I TEIORLERS. 2T, Z=
PR N 2 iy 2 0 A OFLJ) (R: drag force) AME)VT
WahiehEEZ LN, O, BFIHAKENEL
THLHK o~ Ay g VHHRNE ERT 52 0%
L. FEBRCITERIRL T A E o 72y, FEHED X5 ITA
ER R A2 ) GEITL 2D LRE RN 2H
ThWERBNE R L nEE NS,

Fig. 9 (FIE S L ONLE T EVEHDR T2 At L 7=
REOHRL - EHHE V 2R L2 b O Th 5. MK
REGERE VOISR S B REICEET S ETO
TR A 53RO TV S, PSm DWW CIEIER 1T
HONTWNDED, ZEOMMOR 138 2 BR
T23em/s L FD EHHEL 2> TND. ZDZ &
WL, =~y a VRN EIRE L CZO®EEL BICT
B L CUWOUETE BRI T IZEN A IR L, M7

BEMETEAZLATLTWVA.

Fw: gravity on particle layer

(Q%Q%push up

push a&deQQ@‘O\() push aside
Fb: buoyancy
Obv

Qoo 58
ooo?ﬁoo

R: drag force

Fig. 7 Forces balance acting on coarse flotsam surface.

1 -
Fo = (pr-ps) (TTD3/6) g F Ug = 1.1 Upys (2
_ Fu = Pt (1TD2/4)g h W
= ANl d
= 01 u0>12~13umf 4 i
L
q) ] .V
o 9. '/
— (¢
S 0.01 /
o
Q) Py
m
0.001
UO=1_:0:”L'Jmf' Ascending
0.0001 L AT
10 0.0001 0.001 0.01 0.1
F, IN]
Buoyancy

Fig. 8 Relation between bed force Fw and buoyancy Fy
of coarse flotsam.

10 —
particles key ]
BB O
PP °
8| psi | X
PSm m
PSs m] .
i i
£
£| i} i ] ™
> 4 7
A
R B
i i
15 20 25 30
L [cm]

Fig. 9 Relation between the release height coarse flotsam and

the ascending velocity.
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HG5 plum
Bubble
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50 mm
HG5/Zr

HGS5 plu
(d)

ZOFEEFEE - TOD. (AR ik 7R Fig. 10 Fine flotsam below single bubble were staying in the
Pl ERE U= omis Th 5 . s i X it lower part of the incipiently fluidized zirconia fluidized bed.
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Table 4  Results of calculation

- Effect of bed height onf desending paticle velocity

Uo hy Dg+ Ug+ Alg ns Ng Neeir Scell Sps Sy S Vpd
[ms] [m] [m] [ms] [m] [ [l 8| [m’] [m’] [m’] [m’] [m/s]
0.600 0.100 0.109 1.24 0.109 1.4 76450 6727 0.0134 | 0.0094 63.1 26.9 0.65
0.600 0.300 0.211 1.73 0.422 4.1 10582 2589 0.0348 | 0.0350 90.7 -0.7 -24.84
0.600 0.500 0.287 2.01 0.574 3.5 4219 1203 0.0748 | 0.0647 77.8 12.2 1.43
0.600 0.800 0.381 2.32 0.761 3.0 1811 595 0.1514 | 0.1137 67.6 224 0.78
0.600 1.000 0.435 2.48 0.870 2.8 1212 425 0.2115 | 0.1486 63.2 26.8 0.65
0.600 1.200 0.485 2.62 0.971 2.7 873 324 0.2781 | 0.1849 59.8 30.2 0.58
0.600 1.500 0.555 2.80 1.110 25 584 232 0.3886 | 0.2417 56.0 34.0 0.51
-Effect of gas velocity on descending particle velocity
0.140 0.100 0.042 0.77 0.085 9.1 269636 29580 | 0.0030 | 0.0014 41.9 48.1 0.07
0.220 0.300 0.112 1.25 0.223 5.6 24802 4409 0.0204 | 0.0098 43.0 47.0 0.13
0.300 0.500 0.185 1.62 0.371 4.4 7555 1732 0.0520 | 0.0270 46.7 43.3 0.19
0.420 0.800 0.304 2.07 0.609 3.4 2437 716 0.1257 | 0.0728 52.1 37.9 0.32
0.500 1.000 0.388 2.34 0.777 3.0 1410 468 0.1924 | 0.1184 55.4 34.6 0.42
0.580 1.200 0.475 2.59 0.950 2.7 898 329 0.2732 | 0.1773 58.4 31.6 0.53
0.700 1.500 0.610 2.93 1.221 24 514 214 0.4208 | 0.2925 62.6 27.4 0.74

Uo: superficial gas velocity, hq: height from distributor, Dg4: bubble diameter, Alg: distance between two bubbles
ng: number of bubbles per cell, Ng: total bubble number, N¢e: number of cells, Sce: cell area
Spg: cross sectional area of bubble, S,: ascending area, Sy: descending area, V,4: desending particle velocity
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