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Abstract — To develop a chemical-looping combustion technology, conceptual design of SOkW thermal chem-
ical-looping combustor, which is composed of two interconnected pressurized circulating fluidized beds, was
performed by means of mass and energy balance calculations. A riser type fast fluidized bed was selected as an
oxidizer and a bubbling fluidized bed was selected as a reducer by mass balance for the chemical-looping com-
bustor. Calculated values of bed mass, solid circulation flux, and reactor dimension by mass and energy balance
calculations were suitable for construction and operation of chemical-looping combustor. It is concluded from
the comparison of the design results and operating values of commercial circulating fluidized bed that the pro-
cess outline is realistic. Moreover, the previous results support that oxygen carrier particle, NiO/bentonite, fulfills
the conversion rates needed for the proposed design. The effects of system capacity, metal oxide content in a
oxygen carrier particle, amount of steam input, gas velocity, and solid depth on design values were investigated
and the changes in the system performance can be estimated by proposed design tool.
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Fig. 1. Chemical-looping combustion system.
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Table 1. Input data and parameters for 50 kW thermal chemical-looping combustor design.

Item Symbol Unit Value
Capacity

Power Pua MW 0.05
Fuel (methane) properties

Lower heating value of CH, H; MJ/kg 50
Molar mass of fuel M kg/kmol 16
Specific volume of fuel at ambient condition Vs, fuel m'/kg 14
Air and oxygen properties

Molar mass of oxygen M,, kg/kmol 32
Volume fraction of O, in the input air Xoin - 0.21
Specific volume of air at ambient condition Va air m/kg 0.778
Mass fraction of oxygen in air X0, mass - 0.233
Reaction parameters

H,O/CH, mole ratio (to avoid carbon deposition) X - 2
Mole ratio of CO/(unreacted CH,) Xco - 0.5
Stoichiometric ratio for reaction between fuel and oxygen S, - 2
Volume fraction of O, in the air from Oxidizer X0y, ex - 0.04
Gas yield in Reducer (gas conversion) Vied - 0.98
Solid conversion in Oxidizer (actual O/total O) Xox - 0.98
Solid conversion difference (transferred O/total O) AX - 0.1
Solid conversion in Reducer (actual O/total O) Xie - 0.88
Heat of Oxidation/1 mole O, react AH,, kJ/gmol O, ~479.4
Heat of Reduction/1 mole CH, react AH,4 kJ/gmol CH, 68.4
Operating conditions

Reference temperature Ta °C 0
Oxidizer temperature Ty °C 900
Reducer temperature Teea °C 880
Operating pressure P atm 3
Oxidizer input gas temperature Toein °C 800
Reducer input gas temperature Tees.in 800
Gas velocity in the Oxidizer U, m/s 5
Gas velocity in the Reducer U m/s 0.12
Bed height in the Oxidizer h,, m 0.5
Bed height in the Reducer h,q m 0.6
Solid properties

Solid name NiO/bentonite
Weight fraction of metal oxide in particle fuo - 0.6
Molecular weight of metal oxide M; o g/gmol 74.69
Molecular weight of metal M s g/gmol 58.69
Oxygen ratio [O weight/(total particle weight)] R, - 0.1285
Particle density Pp kg/m® 4200
Voidage in the bed € - 0.5
Constant

Gravity acceleration g m?/s 9.81
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oFsle] el 3t glot, £ Aol wkEA el A Ak}
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5. HEEA

Table 1ol 50 kW thermal -£2F9) w)d=84) 7pa
D78 AAE] 413 JEARE 89Fs)e] ehia
et A Al 2le] 83k Hof S0KW thermale]®] A
A7k AAaFAE BARY] $8 dEE deg T8
slgiu}. Wjeke] wkedare 50 Mi/kg, 2RSS 16, ¥4
< L4 mikgele}. Atae] BRI 3208 IV AkL
9] EE-8o] 0.21, Ao FH80] 0798 HLE /A
39T 719 w4 0.778 mkg, TV F Akie] B
AEEL 0.2330]c}

g4 AHE YRS EL o2} 7o) 7
et 1) ©2AEE A7 A4 FEE a3 F
L FUsE wigt o] 2efo|m i HkEBHA] k2 wet

Table 2. Calculated values by design calculations.

9] Avk2 CO= Ade 2) Wigt 159 237 Ak
2 B4 280 ARMEST)A HlESE 7]ASe
AbAne] ER-8-2 0.040]¢t. 3) 3kdubgrielrie] 7)A1A
&L 098019, AMEE ol A2 DA B-E-L 0.98,
kg 7loMe] AL 0882, F HRS7] Ale]
2] A xjol= 0.10lt}, 4) AN Ak 1E 3
RS ake 479 kI/mol, SHdugoA] HEt 1B o
F3k= g2k 68.4 kl/mole] =}

FPRP 2L oFat o] HEE 1) 718
== 0°C, A3MRE7]9] &%= NiO/bentonite YA+
Hhg4Er) Fd o) Al Ho] doliir]| ¢ %4
900°C!", #IRFE7|9) 22 IAleBIAFNAMS] A&
Az PUukgoire] FAubs-g 7jsled 880°Celtt. 2)
e HhsAS AR HEETle] K8 Eel7] ¥
3 718k 2A¢] FIjkeR 73l 3) Alsbgv)s) &t
Qukgr)ol FU5E 714 800°CE | Date] F90%5t
o}, 4) AbEpS719] Z1AREE AR £3HE- $i%F
TS F2AE U] $13 <) 5 myseldH, 5)

Items Symbol Unit Value
Fuel mass flow Mgy keg/s 0.0010
Oxygen needed for oxidation of the fuel m, kg/s 0.0040
Air ratio A - 1.1859
Gas yield in Oxidizer (Gas conversion) Yox - 0.8433
Gas yield in Reducer (Gas conversion) Yeed - 0.9800
Air mass flow m,; kg/s 0.0204
Cross-sectional area of Oxidizer A m’ 0.0045
Column diameter of Oxidizer D, m 0.0760
Cross-sectional area of Reducer Arq m’ 0.0168
Column diameter of Reducer D,y m 0.1461
Bed mass in Oxidizer Mg, o kg 47618
Bed mass in Reducer Mpeg, red kg 21.1084
Oxygen ratio [O weight/(total particle weight)] R, - 0.1285
Capacity of carrier in Oxidizer Cox - 0.1289
Capacity of carrier in Reducer Crea - 0.1305
Required conversion rate in the Oxidizer Toe %/min 39.1119
Required conversion rate in the Reducer Trea %/min 8.7096
Mass flow of entrained solids from the Oxidizer Mgy, kg/s 0.3104
Solid circulation flux G, kg/m’s 68.4458
Mass flow of solids from the Reducer Mgy, re kg/s 0.3064
Mean residence time of solid in the Reducer trea S 68.8897
Circulation times of solid in the Reducer N #/hr 52.2575
Gas volume ratio in Oxidizer (output/input) V.o - 0.8228
Gas volume ratio in Reducer (output/input) Vi res - 1.6533
Heat flow from Oxidizer W, kW -55.935
Heat flow to Reducer We kw 3.236
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siglon] F45413E o " (NiO)] FA=RE 74.69, F
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Aozl Wee 43kl 4200 kg/mE AHES)
gom, TS 052 7P

Table 2= Table 1¢] YHARE o] &sl] AALE A
AANRES SoFsle] e ¢lo). 50kW thermal®)
A& W7 A .3 dsk fF2 0.001 ke/s(84 NI/
min)e| %27 3719} F32 0.02 ke/s(948 Ni/min)=. ]
gl vl 3717} Age g 20u), T2 oF 11w
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55 AR Ao oe) Aake vhE7) 272 Abst
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Table 3. Effect of system capacity on design values.
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o) g 7450l BUETIS] Y-LEZ AN 864°C
2 AEREEYISe] SERel 36°CE bt

A o) o8 hES FYHo Tels
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6. Exol gt s

Table 35E] 10717 o8] 71x] W4 3ol wle} A
A kSl WEE g9ksled ViR ik 449 §
o= Table 201l FAE ZHE FollA wHgH szl we} &

Ttems Symbol Unit 50kWth 1MWth 10 MWth 50 MWth 100 MWth
Fuel flow My kg/s  0.0010 0.0200 0.2000 1.0000 2.0000
Air mass flow m,;, kg/s 0.0204 0.4072 4.0717 20.3585 40.7170
Column diameter of Oxidizer D, m 0.0760 0.3398 1.0746 2.4030 3.3983
Column diameter of Reducer D m 0.1461 0.6533 2.0660 4.6196 6.5331
Bed mass in Oxidizer Mheq, ox kg 476 95.24 952.37 4761.85 9523.70
Bed mass in Reducer Mied, req kg 21.11 422.17 4221.67 21108.37 42216.73
Heat flow from Oxidizer Wy kW 5594 -1118.71 -11187.06 -55935.30 -111870.60
Heat flow to Reducer W, kw 3.24 64.72 647.19 3235.97 6471.93
Net heat flow Woet kW —52.70 -1053.99 -10539.87 —52699.33 -105398.67
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Table 3¢ll3= 50 kKWHE] 100 MW7HA] wljA|<8k] 7}
227 fepR sl uel Aakd e wWEE
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g da 9 379 AGfiske] Fvslgen Absks-
719} gAukg71e] 2 A o] Zrlslgdct. miAlegha] Fha
dav)e] G5Fe] vl W 7 F83EP aejsjoRt
W FARA o3t ATl Yo s 4
HZ7lel] wel 93 ATl ool v Hozm
Z7letE2 FAL) scale-upS HsiME ATk
N |E EErt Fa3le], Ay zle) A,
WukEAl, vheAd JiAde] HE Ao Igaeldl.

Table 491 17I3ME 719714 45 ¥ 3lo)] ule}
A o] W3E Yeiglel el Fogtel o
g} 7]A18] F)7kael 98 AbsiEET| 9l gIukg71e]
A2} A 0] FHaslgem olo o} 23 Ak
YRl Fraslgdct. AR ARFA 0] SAH I Ak

Table 4. Effect of operating pressure on design values.
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TR e Akl wel TAHRRIE S8 PDad At
3o YALe] WSy S7lslslem F ukgy) Al
o] AR} FYIsIsich. 7197 36 B
838 AT YAY HREEEE V]S H itk 2
A vhgL T v]g) 2RL7) diol] 2 AFelA 3
g NiO/bentonite YAIS 243 4= 9len 4 F7})
o & A A= 71T 4 sl hEAdelA
IAFIEET) Bl B8 ASells AT R v}
ol 23 £Ale] FvlslEE FAIHe] € 4 gld)h
Table 5ol AR~ 3Rl Zqsl S45AEE(NIO)
o) Pzl Wt AR BES AHE ebhsle
3tol] viehd wie} zro] AbAFIYR|ll E3twl FLAt
FEMNI0)S] ol F7Istel whet d=e] ALT
AJxpl AL 4 sl Ak AR ol Sk e,
8R37] el Fdst A AkbFel YA} EAls = A
Sl =, FAL FAIEP] s Bask A e ke
=7} sl om F ukgy) Alele| TAlEIE =) 7}
aslgct, ulebA] Ak YRl AzAAA A FE5At

Items Symbol Unit 1 atm 2 atm 3 atm 4 atm 5 atm
Column diameter of Oxidizer D, m 0.1316 0.0931 0.0760 0.0658 0.0589
Column diameter of Reducer D, m 0.2530 0.1789 0.1461 0.1265 0.1132
Bed mass in Oxidizer Myey, ox kg 14.29 7.14 4.76 3.57 2.86
Bed mass in Reducer Moy req kg 63.33 31.66 21.11 15.83 12.67
Required conversion rate in the Oxidizer Tox %/min 13.04 26.07 39.11 52.15 65.19
Required conversion rate in the Reducer Treq Ye/min 2.90 5.81 8.71 11.61 14.52
Solid circulation flux G, kg/m’s 22.82 45.63 68.45 91.26 114.08
Table 5. Effect of NiO weight percent in a oxygen carrier particle on design values.
Items Symbol Unit 20wt% 40wt% 60wt% 80wt% 100 wt%
Oxygen ratio [O weight/(total particle weight)] R, - 0.0428 0.0857 0.1285 0.1714 0.2142
Required conversion rate in the Oxidizer ok %/min 117.54 58.72 39.12 29.31 23.43
Required conversion rate in the Reducer Tred %/min 26.40 13.13 8.71 6.50 5.17
Solid circulation flux G, kg/m’ 205.69 102.76 68.45 51.29 41.00
Heat flow from Oxidizer Wox kW 4548 -5332 5594 -57.24 -58.03
Heat flow to Reducer Wi kW -7.22 0.62 3.24 4.54 5.33
Net heat flow W, kKW  —52.70 -5270 -5270 —52.70 ~-52.70
Table 6. Effect of ratio of steam to methane on design values.
Items Symbol  Unit 0 0.5 1.0 1.5 2.0
Gas volume ratio in Reducer (output/input) Vi red - 2.96 2.31 1.98 1.78 1.65
Heat flow from Oxidizer W, kW ~5594 5594 5594 5594 5594
Heat flow to Reducer W kW 2.81 2.92 3.02 3.13 3.24
Net heat flow Wi kW -53.12 -53.02 -5291 -52.81 -52.70
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Table 7. Effect of air velocity in an oxidizer on design values.

Items Symbol Unit 30m/s 35m/s 40m/s 45m/s  5.0m/s
Column diameter of Oxidizer Dox m 0.0981 0.0908 0.0850 0.0801 0.0760
Bed mass in Oxidizer My, on kg 7.9364 68026 59523 52909 4.7618
Required conversion rate in the Oxidizer Toe Y%/min 23.46 27.38 31.29 35.20 39.11
Solid circulation flux G, kg/m’s 41.07 4791 54.76 61.60 68.45

Table 8. Effect of methaie velocity in a reducer on design values.

Items Symbol Unit 0.03m/s 0.06m/s 0.09m/s 0.12m/s 0.15 m/s
Column diameter of Reducer D.., 02922 02066 0.1687  0.1461  0.1307
Bed mass in Reducer Myes, rea 84.43 4222 28.14 21.11 16.89
Required conversion rate in the Reducer Tred %/min 2.18 4.35 6.53 8.71 10.89

Table 9. Effect of static bed height in a oxidizer on design values.

Items Symbol Unit 0.1m 0.3m 0.5m 0.7m 0.9m
Bed mass in Oxidizer My, o kg 0.9524 28571 4.7618 6.6666 8.5713
Required conversion rate in the Oxidizer Tox %/min 195.56 65.19 33.11 27.94 21.73

Table 10. Effect of static bed height in a reducer on design values.

Unit 0.2m 0.4 m 0.6 m 0.8 m 1.0m

7.0361 14.0722 21.1084 28.1445 35.1806

Items Symbol
Bed mass in Reducer Myeq, rea
Required conversion rate in the Reducer Treq

%/min 26.12 13.06 8.71 6.53 523
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Table 11. Summary of parameters and dependent variables from Table 3 to Table 10.

Parameters

Dependent variables

Capacity (Table 3) Mgy My

Dy Dig Miegox Mpeq rea W Woo W

Pressure (Table 4)

Do Dis Miegox Mpegres Tox Tes G

Metal - oxide content (Table 5)

Tox Treq Gs Wox Wred Wnel

Amount of steam input (Table 6) A\’ Wo Woo Wi
Gas velocity in an Oxidizer (Table 7) D, Mied, ox Tox G,

Gas velocity in a Reducer (Table 8) D Mg, rea Tred

Bed height in an Oxidizer (Talbe 9) Myeq, ox Fox

Bed height in a Reducer (Table 10) Meg, red Tred

250 T T T T T

—&— Effect of pressure
—O— Effect of metal oxide content
200 - —w— Effect of gas velocity in an oxidizer |

20%
150

100

50

Solid circutation flux [kg/m?s]

0 Il ) 1

Parameters increased
(pressure, metal oxide content, gas velocity in an oxidizer)

Fig. 5. Effects of pressure, metal oxide content, and
gas velocity in an oxidizer on solid circulation flux.
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