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Table 1-1 Test run results of 20 t/h fluidized bed combustion boiler 2
Coal A Coal B Coal C

Fvaporation capacity, t/h 17.46 12.93 16.2
Steam pressure, kg/cm® G 60. 1 59. 8 59.9
Steam temperature, C 535 540 540
Water flow rate, t/h 15. 4 11. 44 14. 88
Water temperature, T 133 134 134
Water pressure, kg/em? G 77.7 79.3 78.5
Air temperatature, C 22 9 11
Flue gas temperature at air-heater
exit, C 155 122 134
Total air flow rate, Nm®/h 19, 068 17, 928 14, 456
Primary air flow rate, Nm®/h 16, 068 16, 968 13,116
Secondary air flow rate, Nm®/h 3,000 960 1,340
Fluidizing gas velocity, m/s 2.16 1.52 1.88
Bed temperature, T 835 829 323
Oxygen concentration in flue gas, % 3.49 3.44 3.51
NOx emission*, ppm 61 223 238
SOx emission®, ppm 10 27 33

*Corrected value at 6% oxygen concentration in flue gas.



Table 12
for colliery sludge ¥

Desigh basis and operating data of 10t/h fluidized bed boiler

Boiler type

! Water-tube, natural circulation and fluidized bed boiler

Steam i 4dkeg/em® G, saturate
Steam use . Heating
Fuel . Colliery sludge (low heating value 3,000 keal/kg)

Bed material . Coal ash and sand

Design basis

Operating data

Evaporation capacity, t/h 10 10 — 11
Feed rate of wet fuel, t/h 4.8 3.5—4.8
Bed temperature, T 800—900 800—900
Emission
NOx*, ppm 400 260—350
S0x, Nm®/h 13. 84 10
particle, g/Nm?® less than 0.8 0.06

#Corrected value at
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FEEEHER L T3, £/, BRBEE2t/hd/ty
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10t/h fluidized bed boiler for
colliery sludge, Akabira.

Fig.1-9

6 % pxygen concentration in flue gas.
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Fig.1-10 31.5t/h fiuidized combustion
boiler, Sunagawa.



(1D

Table 1+3 Design basis of 31.5t/h fluidized combustion boiler ¥

Boiler type

Evaporation capacity
Steam pressure
Steam temperature
Water temperature
Air temperature
Draft
Coal feed
Boiler efficiency
Fuel
HHV
Size
Starting fuel
Starting bed material
Fluidized bed
Cell
Bed height
Bed temperature
Fluidizing gas velocity
Air ratio
Area of heat exchanger surface
Combustor
Tube bank
Superheater
Air heater
Combustor volume
Emission
NOx
SOx

Particle

Two-cell, water-tube, natural
circulation and fluidized bed
coal combusiion boiler
31.5t/h

25kg/em* G

280°C

80T

15C

Balanced draft

Pneumatic coal feeding

82%

Mitsui-Sunagawa slack coal No.50
5,040kcal /kg

Less than 6 nmm

Heavy oil A

Silica sand (0.7mm)

3.5m X 2.1m X 2 cells
1.5m

9007C

2.4m /s

1.2

128.1m?
502 .6m?
71.4m?
823.0m?

ca. 64m?

less than 350ppm
less than 17.5 K-value
less than 0.4g/Nm?3
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Fig.1-11 18t/h fluidized comdustion water- tube boiler, Renfrew (England)
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Table 1 -4 Design basis and operating results of Georgetown University
fluidized bed steam generatorm

Design basis

Operating results

Evaporation capacity, t/h
Steam pressure, atm
Coal flow rate, t/h
Limestone flow rate, t/h
Bed temperature, C

Bed height, m

Fluidizing gas velocity, m/s
Combustion efficiency, %
Sulfur retention, %

SOx emission, Ib/10° Btu
1b/10% Btu
Particle emission, 1b/10% Btu

NOx emission,

45 28.6
19 —43 23
4.3 2.9
1.4 0.7
870 818
1.4 0.51
2.4 1.9
83.5 76.8
—_— 86.6
0.78 0.48
0.70 0.48
0. 056 —_—
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Fig.1-17 Low grade coal fluidized bed
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Table 2+1 Analyses of Taiheiyo-coal.

Proximate analysis {(wt%)
Moisture 5.6
Volatile matter 33.9
Fixed carbon 28.0

Ultimate analysis (daf, wt%)

C 72.0
H 6.8
N 0.8
0+S 20.5

Stoichiometric air =4.7 Nm®/kg
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Fig. 22 Size distributions of coal fed through
screw feeder and of ash produced in
electric furnace.
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Table 2+2 Experimental conditions.

Bed temperature; T, =923 to 1,223K
Stoichicmetric air ratio; A =0.55t0 1.3
Air feed rate; Q,=6.2 to 11.7Nm? /h
Superficial gas velocity® at T =T,

u,=0.7 to 1.6m/s
Coal feed rate; F, =110 to 430kg/h

Fluidized bed height :

H; =0.16 to 0.22m

* On the basis of air feed rate
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Table 2-3 Ultimate analysis of carryover.

Experimental conditions

Combustibles

Ultimate analysis

Bed temp. Air ratio component (daf, wt%)
T, K A, — C., wi% C H N 0+S
973 0.65 36.7 7%.4 2.8 0.7 17.2
1173 0.65 32.6 80.7 2.0 0.6 16.7
1073 1.03 21.5 80.1 2.2 0.8 16.9
1173 1.20 10.8 77.9 2.8 0.7 18.7
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bustion rate constant and previous
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Table 2+4 Analyses of feed coal.

Miike Coal

Proximate analysis (wt %)

Moisture 1.32
Volatile matter 37.08
Fixed carbon 38.12
Ash 23.48

Ultimate analysis (daf, wt%)

C 76.5
H 5.9
O 13.4
N 1.2
S 3.0

Table 2+5 Analysis of limestone.

Limestone from Furano, Hokkaido

Proximate analysis (wt%)
Ca0 55.4
Si0; 0.30
Al Q4 0.08
Fe, 04 0.02
M, 0 0.20
I,-loss 43.6
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Fig. 218 Size distribution of sample
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Table2 -6 Experimental results.

Run number 1 2 3
Bed temperature & 830 810 805
Coal feed rate kg/h 1.20 0.90 0.20
Air flow rate Nm'/n 8.71 6.71 6.71
Air ratio 0.93 1.24  0.93
Limestone [eed rate kg/h 0.24 0.27 0.72
Ca/S mole ratio 2.75 4.13  8.26
Analysis of flue gas

H: % 0.2 0.2 0.3
0: % 1.3 .6 1.3
Ny % 80.1 80.2 76.2
CHi % 0.2 — 0.4
CoO % 1.3 0.8 1.3
CO: % 16.4 17.3  20.5
NOx ppm 540 550 400
S0z ppm 1250 750 300

Flow rate of dry flue gas Nm%h 6.61 6.60 6.94

Emission of SO2 mol/h  0.369

Sulfur retention 0.571

Limestone utilization 0.208

0.221 0.093 0.058 0.065
0.658 0.892 0.870 0.909
0.159 0.108 0.063 0.066

810 800 850 850 850 850 850 850
.62 110 1.10 1.18 0.95 1.00 1.00 1.08
6.80 7.17 6.99 6.17 6.80 6.90 6.90 6.71
1.82 119 105 0.87 1.19 1.15 1..14 1.03
0.62 1.00 0.16 0.29 0.24 0.40 0.60 0.80
13.75 13.78 2.00 3.38 3.48 5.51 8.27 10.19
67 — — — 05 01 — —
35 33 L7 03 08 22 23 21
74.3 78.2 80.8 8l.4 741 80.4 79.0 79.5
- — —— — — 04 — —
47 — 04 — 66 0.1 0.1 0.3
16.8 18.6 17.2 16.1 18.0 16.7 18.6 18.1
500 500 500 500 500 500 500 500
180 200 400 300 300 200 200 200
7.22  7.23 6.82 698 7.24 6.77 6.8 6.65

0.122 0,080 0.097 0.060 0.062 0.059
0.845 0.906 0.858 0.916 0.914 0.924
0.422 0,268 0.247 0.166 0.111 0.091




(32)

100 T T T T T T T T T T T
p
A a—p—2— _o—
A//A/ 8 o
807/ / .
X '
[e]
5 &0l // |
B 0
S /
.83\ ! Tb, C
- 40—/ ©  This work 800 —
3
£ A This work 850
w
B0 ————- KHI 28! 860 -
—-— MHI®® g0
0 1 t i 1 1 i P | 1 1 1
0 10 20

Ca/s mole ratio (—}

Fig. 2+ 20 Effect of Ca/S mole ratio on sulfur
retention.

(MHD 12k 3 RERRER 2 0P TRL TH 5, K
EERT & ABERLEIL, MRERRE 800C DBF IZIE
Ca/S TN & EIZHAL, Ca/S TN OHE A
10 T 0 BOBFEREETRL TW5, —7F,
PRIBEE FE 850 C OIAITI1E, 21tk AR OT
MEA5RL, Ca/SENMEH 2 ~5 DOFHFH T80~
90 % DBRFRZE A1 5N T W5, LALADS, Ca/S
ENEE S EIZL THE L VR OR LI
CoRR A

HEREE 75, Ca/S TV B ARG OFIFHE s
DEIEROBBEHESH 5.

fs:—(ﬁ% .......................... (2 —25)

BIRFAOFIFHZE S S/CaT VL& DEE % Fig
221128 F . BRBREIES00 C DIHAITIE, AKX
LOFERIIFH20%IZL PELTVE W, —7F,
BREEE BE S50°C DB AT, RIRGOFI R
S/Ca ENH M T AEEI 2R L T B,
LI EoOERBEEL S, Ca/SENEIELT
B EREAOFBRIEET S, HFT V&L

50 | | |
S a0 g
& & .
[=4
S
q 30 N
5 A
2 gk O —— 800C
S //‘
o A -0
@ i
3 W & -
O/
0 1 | | L i
0 0.2 0.4 0.6

3/Ca mole ratio (—)

Fig. 2-21 Effect of S/Ca mole ratio on lime-
ston utilization.

TAEBRMEFETL CHELTIEEL, Ca/SE
WX BOEE TR T A 2 & DR 5, BEERERIL,
PREEEFE > Ca/S EILLEDO Mz, BikkH o FELE -
AR A R ORI 0k, TRENE S, & ATDE,
R STk o THE s AN, RERSEMHT
id, Ca/S ENIOEMHITIFEE LHEEINL,
DA, BREEEFE 850°C THRIATERIX 90 %, HIK
ADOFBEIZNBDESFESN S,

¥, REBRIZHITS NOx OHEHEE T Table
2-6l12R 643 £ 917, 400 ~500 ppm & HlEHy
BWEERLZ, ZOEE Ca/SELVHIZLE- T
EEAFELL Z2WZ & B - /2,

2-2-4 % &£ 8

OB BRI BT A BRI 2 F N A
72912, PEE 0. 108 m OB B dh 4R 2 2518 4 (# F
LT MR EMREE L, TRGIC & 2 HRRaRER & 1T
D lze ZORER, UTOL I MR 25/,
1) MBEHERE800C £V & 850TCIzH T BIAF 72
BfEsh R AMS 5 iz,
2) Ca/SENL 2~ 5 DT 80 ~ 90 %MD HHi
BAELN, S ETIRE S ICHEREOm LT
BOENLE o,

3) AIRGOFNHEIL, MEEHRE 850 C DHEA,
S/CaENlbe & il bEd 2EmERL /2o
4) B AIRAORHEZER, S R/ Ca/S
HDEMEHIL, REREMFICEVWTHIDET
Hole TOWA, BREERE 850 C THAEEED
%, IR OR300 %OE S5, Bk

A HD SOz A 1F 200 ppm T H - 72,

2-3 XRFTEEZRELLRBEOSEOEE

2-3-1 HU®BIC

AHFELE AN L 2B L, mEEROkT
BRUOHAERMEL 2 VRS 28B4 RN
5. EROWEBERA 515, #OREN LG
Thb, KELEREEE OMOEEIIDONT,
EEOEFPLER L AEMMIBOENICHEY 5
FFEFLZLBINTED, J.S. M. Botterill D i
£z emshTus,

Gelperin 5°71%, AP EEOEF & T BEFIIC
SWTERBMERM ARIE L, ZOEEFEmOENS
HEEOWER LM TVWEZIEERLTWE, B
BHITI, BEAEOYy 71L& 2EEH D=



b E DBV, REHEOE Y FI125- TR
BEIFIL L, Vv FAVNE < 5 5 L EMERUE
INEL BB, E, TBESITE, B|EAHEK
THEDE y F OB HET 2 2 L &L
Twh, FfEL#ERE%, Dahlhofi » Brachel ™
LIRS L T3,

FR OB RS 5— & LT, KT EEDEH
FEOEBIE L 20 200 % 28085 - 0
BE% 2D W TR A TFRIIT h M T Vv kI T
b 5o

— %, BB >W TS ™ omfER5Y,
LRI DR NEFESEE VR s L T
Wi, ZheonZehrs, KEZEEZNHL 27
BB OSSN R O/ A - T DR A
ZEI Lo THRE S W ARIBOEEIZ A & < BE
SNALOLEZLND, L LhNS, EHE
DA - RIBOED & ORIV TIFE
Enaflid v, FCTEME TR, BHBA
\ZAEE R ONEAT ICECHI L RS R AL &
Bl 2nT, BRORGERE, m—NV 7 v 7,
SRR O AR AR L, RIBOEEH IO
TEET 5,

2-3-2 % L2

ERBEBEOHE S Fig 2.22105RF, #HH L
FoREIE IS0, 9em, EIE ImOERT UL
BOL DT, THIKTFEES L THEL3m D
TV R RS TENIIEZE R UNETEC AT
L7,

KEFEDOE  F15.0cm, &SHFAOE Yy F%
69em & LT, Fig222icmashzkdic, 4
R A & DE S 10em DLLE A 5 59 em DALE ¥ T
2, mEHIZ8FIHAL TEEB AT L =,
SRR, Z1lmOfLE Yy F 1.5 TIE=AFK
BRANT & 7= 2 7R 12 200 mesh DEBHE 13- 7~ &
DTH B, FEILKRT & LT, FERE 202 #m,
LB GAEF D 7 A 0K Umf 474, 3em/sec D
BeEmR L7z, ChiFIERES2860ms LT,
ERTHEME L CEBREIT - 7,

SIBOEE X, Fig 2:2310R"T &9 % 1
DEHRERBERZR 7O - 7EFERHL TiTo e &
D7a—=7L, AHE 2D Y - e — & — %l
TLTE- 724 D¢, +BIIMNEC Smd = 7 o
LRT, —HRIZAT YL 2ETH 3, Mz
TAYT RIEEME LTHEELTH B, +EBOE

(33)

Top view

530 150 160 5300
I e R
O O O O Icn R n o O O
S o o O « L =
2o © 0o o © © 0 0|2
c O 0 -
O O 0 O = O 0 0
O © 0 «©
O O O © cC O O o
0O O O o | o1
ol T — ]
599 599
\ /Side view\
Parallel Cross
arrangement arrengement
(Unit : mm)

Fig. 222 Tube arrangements in fluized
bed.

A 3me L, 2KOTO— 7% 10mii% LCHE
EL, 3C—2VOREYy — 7 78 I3 E (5 s
DRUNERFT I B L /2 20 70— 7 38
DLEE S ZEDORIIHAL T, &K & RHE
BEUZDWT, RIBOHE 41T -7, Fa— T
bDEFH e IR CEMEH ZEH® L, HHiE
LTty b F—91La—5l5887 5, 20H
EESFETHERCUEL TRET — ¥ D&
g -,

SUBE R QUIE ST, BEOHET, 220
TU—-THOREEEOHBINTHEEZED L L

| —> 2,090

(Unit : mm)

Fig. 2 - 23 Capacitance probe to detect bubble.



(34)

TN L 2o &k, HERD22H B0 L WIEE
ot AR ER AT - 7,

2-3-3 EREBERLEE

KEEEENIFL 2BEORIBT— 71, B
AR LERAMIIBVWTRERIL TH- 72D
=, KEWEIZET A EHEERD 2, £, £
D 2 WA DWW T, REAMOLEIILD
B fBERLAA, P A RS TR
AL~ 2hbsOERELUTIIRT .

1) RIEBOF—IVET 7

SHOE— N Ty 7 € OGEMPSEE S
DTk, 7 AFE ue ' 15am/sec DBEIZ DN
TFig 224 27T, FFRD & i, 2E DL
WEAEDLREL, SEORSICEIERLE
NEEH ENE WV,
ZEBADHAOATBTIE o PR EL, R
BABELTWELDEEZLSNS, £, 2F
BOE FETE e, W EL B oT0nE, 21T,
La=30~60emPRITIF, TIF—EDHEERLT
W5,

T T T T T T T
0.3 Tube arrangement
—_ © Cross
L B o A Parallel i
o O Wwithout
. \
g 02F Ay
3 u]
Q
= -g\ o] 2\6.\ jn s}
e {0a o 6‘0"2—;9/@
S o 830 o—0—ao" Yy
e A
B uo=16 cm/s
0 1 1 ! 1 1 1 1
0 20 40 80 80

Height from distributor La (cm)

Fig. 2 - 24 Profile of bubbie holdup on height
from distributor.

HKiT, La=40~42emllFIT 5 € D ue 1253
L% Fig 2-25 13T o &4 ARE TIEFAT
BLFID €y AP0 RE L, w APRELZBIZDN
T, AN L BENFDLRBEITHS. 45,
IIRES 12 L 2B IC DWW THER 53Kk D = 6y
RHPICERTRL 2, 2D ey O, RERLS
DHE LIHF—FL, wARELEDE, WTh
DEFID €y & H—H T AEmE R L T b
2) TUBHE

A AR vo A 15em/sec DB A DTIHEE Ny

DESHADGM % Fig2:26 ion+, EED
HABEL VWAL IEEAEA S A ERLTH
M, La=20emfr E Clzaizigdb L, 2hLl BT
i, FIE—EIL R TW5S, LALad s, £
BAOHADAOBTENOEIEAEL, FEL
TRl B> T WD,

La=40 ~42emDPLE 2 BT 20,0 7 ZAFH
W 2k 25L& Fig 227 123§, SOBHEEN,
A AR e AT L TWwAS, B AR
T TPATEAI O Npid & AR & BT L 7w 3

0.2 T T T

Tube arrangement

Q Cross
. & Paralel i
n O without O s
~ — ——Kato et al®" o]
& N
[= /O -
o a
B 01 A 4
© A/ //
£ 7 O
2 A 7
] s
i %D
- /O / -
/
La=40-—42cm
0 1 1 i
0 10 20

Gas velosity uo (cm/s)

Fig. 2 - 25 Variation of bubble holdup with gas
velocity.

A, A ATE T ETEFID n, e RE R
STWa, LALEYE, FAFEIREL 25
&, WTFhOBEEY, BIFEREZEIZZ 2008
EAbN5,
3) RIBOHERE

SIBOE X HMOE S 2 RIEOME dew & I X
ZEILT B, HAFE u, A 15em/sec D & & DR

10 T T T T T T T

Tube arrangement

%)
= B8 uo=16 cm/s © Cross B
2 A Parallel
O Without
5 5 .
2 [m]
I\ 2
a
]
C 4,0 -
“ 6 A‘A
8 o ha
g .t ° %\R\_ i 4
@ 05— 08~—gu—g=E~
0 I 1 1 1 L I 1
a 20 40 80 80

Helght from distributor Lg (cm)

Fig. 2- 26 Profile of bubble frequency on
height from distributor.



2 T T T

La=40—42 cm o}
oA
- (u]
£LoF A 1
=z /O A
5 /A A/
> A (o]
g [m]
3] 1+ -
]
g S %
b s
% Tube arrangement
a r— O Cross 1
A Parallel
O without
A 1 1
OD 10 20

Gas velocity uo (cm/s)

Fig. 2-27 Variaton of bubble frequency with
gas velocty.

1EHER QD & F D5 % Fig 2:28 1R T,

SIBDHEE deld, 2B 5 OFEEE La #740em
AL CORBEATIE, LatlkfllL ThkEL A -TW
bo RESEIZERFTOBAEITLASL, KIC
TATECH], ZED L VEBADMEINE L B> T W
Bo F7z, damH 9~ 10T EIZh A A &
ANLTHY, ZOLERL - LFEH LTS L,
dhDIEA 9~ 10U TEFEIZZ 2L DEE 25
nb, ZEED FETIE, dwAlRITNEL 85T
BY, FEBNZCCRECEAL T RN
EEREMTIOMBIDELS 255, HHEET 3
borELNS,

16 T T T T T T T
14 Tube arrangement ]
© Cross
— A Parallel
e 12 i E
8 O Wwithout
2 10| C—0 i
o
N gt
£ 8 Aé; \g\\o
<) o~ 7
o // A
o 6 Yo 1
2 o8
= 9470
@ 4r 20 uo=15 cm/s 1
2t Bga b
g
0 L L 1 L ! L

0 20 40 60 80
Heignt from distributor Lo {cm)

Fig. 2- 28 Profile of bubble height on height
from distributor.

La=40~42emiZFH 1T 2 # AFE o 121 3 dug
NEALE Fig 2-29 1R+, FARE wo 1M
LTdmDEARELS LD, FOKE S, LR

(35)

15 T T T

Tube arrangement

5 O cross
-
< 1ok A Parallel oG ]
o 07 without -
g /t]/
3 o alA
= o //
L sf / b g
2 ple) A0
s 2

La=40 —42cm

0 I I t
0 10 20

Gas velocity ue (cm/s)

Fig. 2+ 29 Variation. of bubble height with gas
velocty.

S, FATECTI, 28O % GIBADIEIZ 2 2T,

4) [IEO - FEE

TUBDHEE don & FFEE u, OBZRE2 70y b
L7fl%Fig2301z57%. »2VDTYF
BFHLH, RATEIEEFHATEILDEEZ SN
Do

300 T T T 7 T
Tube arrangement

200 —
= O Cross
S A parallel
2 O without -
o~ 100 O 4
£ 0651
=1 - A - -
1 /D/ LAA
) I - 4
=2 %—A
1 -~
5 af AN LN .
o
=
[+
o
$ a0 i

10 1 L 1 11 1

Bubble height don (cm)
Fig- 2 - 30 Relationship between bubble rising
velocity and bubble height.

U, = Uo — Umf + ki (g dbh)% .......... (2—26)
Z DR DTIBD L FIEELRE ke DR T 1E OZAL
*Fig 2:31IiF T, COkDEFEZED LV
WEPRELAKE L, FITEFIOBEINIEL, &
EZRFICIEHEOMIIAST RS, £/, WTh
DHELEREEII BT 2MEI NS - THD,
BEQRIENFE LN TV, 2 E, 2FOEVES
W2, Y EFREL L5 TWVS,

INSDILhb, ZEFEAShTES TR
BABMI LR TE 2551035080 LREE H
B, REZEFBAIZS S L, S0 LR AR



(36)

1.2 T T T T T T T T T
Tube arrangement
- 1——————43\5\_ Without
i H\E_\.
~ 10k n u o
< I—U——_\\
= o ° 3% _
2 A 2a o
3 TS o
g 08r m‘ 1
© uo (cm/s) A
F O a0 15 B!
¢ AR 3
0.6 i I I 1 | L 1 1 1
i} 0.5 1.0

Radial position r/R (—)

Up=Uo—Umr+Ko(g - dun)v‘2

Fig. 2 - 31 Coefficent of bubble rising velocity.

EXNTEBLEZZ D hH 5, £/, TERH
03 FETEFIDEEIIRIEO FEEE BN 2
LU, TR TCEREPE DR CEEL Tw 3
P, BAWIEIITTA L)L TERL, KER
FITIZEDOMBHERIC 2 5T, T 0{FHE - wiT
HTUERLTWEEDEEZ LN S,

5) [UBIZEBHAWE

R R D A AL E DA AR S 4
DTN TWAEHDEFETNIE, KOBEE IR
NiLD,

Up — U == Eb Up seerrerntnrasrinrcnnisiannas ( 2 _27)

ZZT, wIEHBEANOLENEREEERLT

20 T T T
Tube arrangement o]
— O Cross
2 o}
E L 4 Parallel 1
< 1 Without
3
& A
-
X! o iy
= A A8 A
® A
© O/
=] /
L A A
o
.g r 3/ -
o / A
La=40 —42cm
0 1 1 1
¢ 10 20

Gas flow (uo—umf) (cm/s)

Fig. 2 -+ 32 Gas flow rate owing to bubble.

FLEL A AZEEETH 5, Z DR % Fig.
2:3212R7, BED L VA L TEFIOHBEIL,
(ub —umi}d €5 Uy, PPIEITF%E L, LEBORE
FRLLTWwBHDEEZ NS, —F, TITE
FIOHEITIE, €0 W OEAH AFROE I & £

(uo—umt) LV HNEL R, TV gy
HNOHARNDPEC L>TW3EDEEZI SR
B DI XL, HTEIIDEE, [IBOZE)
1%, 2EORVIBE L ERFIDBEITLNT,
FVENLREIZHL2EDEEISND,

6) FIBDZEH)

KREZEBNOTIEIE, BARIZA-T20~30m
i EFLBRIZIIEER 22 35, BAOTIER
EOERAED 50, BROTIERIEDFR -V R
Ty, HE, RTEMNEST L. FERAOL
P, EIREHOBEE ERTEEbNSE (KER
Tl La=40~42cm) IZ T 5 RBI1E, KT AR
WTIFEANC L 22210605, —7,
BN ARECIERIEDOR =V T v 7 HEEDR
Flliok 2230 < 429, [BOATHE, kR
HE, RIEE L TOFARRITESIN L - TRE
2 TW3, L7ed-T, [UBOEENIZRIETES
DEEPH D Db,

PDEnzeds, REEZEROFIBOEHIZD
WT, ROLIEZEPEZLLENDS, FTRAO
BAIZE, SiEOF—NV Ty T kEL, 2T
FEARLPEL, EREEILES, [RBELTO
HARBELDWZ Eh 5, BRAORIBIZZEZ
ko TEEN, EFEbivdEF L EF5 EHL
TWwiLNEELILEND, LERFIOEEITE,
SUBEDTEIREL, LREEFRSVI LD
5, BRORBRIZE I LLIBRTROMET VK
HAEIZERLTWwAEDEELSNS,

2:3-4 % & &

NE 60 emD P —Z2R 2B EMNIZ, #ME5.3em
DTS 284 % 8 FI o T2 B U SFATER FICH
AL BEORBOER 2, $HHROBREFE T 0
— 7 RMERLTRIEL %2,

ZORER, AERFEEICEWT, KO LMD
ARSI A
1) &BOF—NV KT 97, 7)) =17y

IZEERTRRRE , B ARE CIEETER S

IZE T BIEARRK T WD, & H AR TIE

BIDEDF %L %5,

2) FIEOMEE, K5 2 FE TIPTS5
WX E WA, B AFETIE, 7)) =
Ty, REEVEEDVTREITIERCHE
2% 5,

3) [IOTHEORE 813, EEFTIZAE



<, HTECH), 787 Y SDNEIZAE L
Zol,

4) REO EEEE X, 7Y - TY vy, TE
FFl, FATEFIOMEI & oty $/, BE
B BT 2 EREER/ D E W,

5) [IBIZK BT AREN, 7U—n"TY vk
RZEEFOBE 1L TREM LR GEELL L0 A
HEHREIREE LTERL TW A A, FITRYI

DIz

ElERIEIc 3ElG A, BROT A

AL E DEAN T B,

AT
Ca/S
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Py (dp) =weight fraction of size dp in the bed, -

i 5
= cross-sectional area of combustor, m?
=molar ratio of Ca to S, -
= combustibles content in ash, wt%
=CHy concentraton in flue gas, %
= CO concentration in flue gas, %
=H: concentration in flue gas, %
=NO concentration in flue gas, ppm
=NOx concentration in flue gas, ppm
=02 concentration in flue gas, %
=mean O: concentration, mol/m’
= sulfur content in coal, -
= S50, concentration in flue gas, ppm
= bubhle height, m
=nparticle diameter, mm or m
=diameter of combustor, m
=NOx or NH; emission index, mol/g
=age distribution function at exit, -
= utilization of limestone, -
=coal feed rate, kg/h or kg/s
= elutriation rate, kg/s
=acceleration of gravity, m/s?
==height from (lower) distributor, m
= fluidized bed height, m
=high heating value, kJ/kg
=overall combustion rate constant, m/s
= combustion rate constant, m/s
=mass transfer coefficient, m/s
=-elutriation rate constant, kg/m?- s
=height from distributor, m
=molecular weight of carbon, kg/mol
= atomic weight of sulfur, kg/mol

=bubble frequency, 1/s

(37)

P, (dp) = weight fraction of size d; in the elutriated

ash, -
Ap =pressure drop, Pa or kg/nf
Ra ==air feed rate, Nnt/h
Qs =flow rate of flue gas, Nni/h
R =gas constant, kJ/mol-K
Rer = Reynolds number at ve=u:,-
re =radius of unburned core, m
Teo =initlal radius of coal, m
Sin = charging rate of sulfur, mol/h
Sew  =discharging rate of sulfur, mol/h
t =time, s or min
T =mean residence time, s
t* = mean residense time of elutriated ash, s
te = time required for complete combustion, s
T =temperature, K or C
Ty =bhed temperature, K or C
T. =room temperature, K or C
U, = superficial gas velocity at T=T, , m/s
uh = superficial gas velocity corrected for

by tube volume, m/s

Ub = rising velocity of bubble, m/s

umf  =superficial gas velocity at incipient
fluidization (T=T4), m/s

W = cumulative weight of elutriated coal, kg

Ws = weight of bed material, kg

Xc =mass fraction of carbon, -

&y =holdup of dubbles, -

Emi = voidage of incipiently fluidized bed, -

s = voidage of static bed, -

7 = cmbustion efficlency (heat available), %

s = sulfur removal, -

A = stoichiometric air ratio (total air ratio), -

i =viscosity, Pa - S

O¢ =density of coal, kg/ni

e =density of gas, kg/mi

Pmi = density of incipiently fluidized bed, kg/m?

e, ==density of solid particle, kg/nf

T = dimensionless time defined by t/%, -

Te = dimensionless time required for

complete combustion, -

b = shape factor, -
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Fig. 3-1 Conception of two-stage fluidized bed coal combustor.
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Tabie 3-1 Experimental conditions.

Temperature of lower bed; Ty, =1073 to 1223 K
Temperature of upper bed; Ty,=1073 to 1173 K
A =0.651t0 1.15
A, =0.0 to 0.5
A=1.051t0 1.25
Superficial gas velocity of lower bed;

4y =0.8 to 1.3m/s

Primary air ratio;
Secondary air ratio;

Total air ratio;

Superficial gas velocity of upper bed;
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Table 3-2 Analyses of feed coal.

Miike Coal
Proximate analysis (wt%)
Moisture 1.32
Volatile matter 37.08
Fixed carbon 38.12
Ash 23.48
High heating value 6170 k cal/kg
Ultimate analysis (daf, wt%)
C 76.5
H 5.9
0O 13.4
N 1.2
S 3.0

Table 3-3 Analysis of limestone.

Limestone from Furano, Hokkaido

Proximate analysis (wt%)

C.0 55. 4
Si0, 0.30
Al,O, 0.08
F..0, 0.02
M0 0.20
Ig-loss 43.6
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Fig. 3-19 Size distribusion of sample limestone.
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Experimental results.
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Table3- 4
Run number 1 2
Bed temperature
Lower bed T 860 880
Upper bed T 7900 800
Coal feed rate kg/h 1.46 1.40
Air flow rate
Lower bed Nmg/h 6.71 6.71
Upper bed Nm3/h 2.35 2.01
Total Nms/h 9.06 8.72
Air ratio 1.02 1.02
Limeslone feed rate kg/h 0.21 0.40
Ca/S mole ratio 1.98 3.93
Analysis of flue gas
H, % 0.8 0.2
0, % 3.4 0.6
N, % 77.4 79,1
CH, % 1.2 0.1
CcO % 2.5 1.0
Co, % 14.7 19,0
NOx ppm 150 —
S0, ppm 1000 450
Flow rate of dry flue gas Nm?/h
Emission of SO, mol,/h

Sulfur retention

Limestone utilization

9.23 8.69 8.92 8.38 8.64 8.60 9.07 9.55 9.03 8.41 8.80
0.412 0.175 0.239 0.150 0.231 0.154 0.202 0.213 0.081 0.143 0.079
0.606 0.826 0.760 0.851 0.736 0.844 0.826 0.757 0.919 0.819 0.908
0.307 0.210 0.192 0.211 0.163 0.169 0.123 0.093 0.089 0.077 0.040

0BV IRBE SR TE X T
BIRFADFIRE foERRIZE - TRD, ZOH
B S/CaTNie DEE % Fig. 3-21 1287 T,

JREE 800 12 BT 5 2 BUREEEEIC X 5 RIkG
DFIARIE, HEOBGLIVEmELTWwAZ L
BES, 72, S/CaTNHIZKBFIHE[DE
b2, MFOJEIT > TERkaEmEZ R L Tw
A2 kdh, BHEEE 850C O 2 BRRENREEIZ &
BARKAOFHEZBIZLOmLET280EFELE
N,

A IR 1T 5 NOx OHEEE L, Table3-4
IZR L7k 91T, 100 ~ 300 ppm TH D, HEGR
BMRBEOB A IR TEBENR TS, ZOZ L
» 5, FERREEOREE T L TAIRA R
A+ 2 2 Brpliimeidic L ¢, WL FRRZE
NOx{bLaER TR 3 Z & o7,

3-4-5 2BRBERBAOM

AETIREL 2 2 B ESRREEIE T, (a)
NOx BEEREET a2, () COR EDRE
HADFEE FIE L, FRRICHROH UIZ & 2 REE
B AERL TBRSELRETLIE, 26U
12, () BREEIR & ERAD & i L T Bk U B
TER BT 28, & EOBREMHTL K
BERTH D, RERERPS, () RUD)IC
BIL T THIL 2o Iod ShishReand 2
AHER x N, X512, (c)IZBIL TIE, HAE D
WRBEIR & BRRAI O S B A REIZ 2 5 2T TR
<, WERMEERICHT, BERhE L BIKA D
FIHZELmLET 22 hdol,

Fig. 3- 221213 FROMBBHRBE L - T
Ng;ﬁ%ﬁzi & PRIESH R A Rl L I L 22 BRAE OO FE
ES EAREERFER LB TR T, Table3:5
CEENTNOERSEGEE LD TR T Nol ~
AT T OB (AFBC) ILL AR TH Y,
No.5~ 73 INEFRENBEMEE (PEBC)IZ & 5 &R T
b3, PEBCOS AR ILE <, NOxFEERR
A, 2 BRIRENEEAEELC X A EREERNEE & NOx 5
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Table 3.5 NOx emission and combustion efficiency data (see Fig. 3.17).

Bed size Pressure Bed temp. Gas veloc. Air ratio N content
No. Investigators m MP., K m/s — in coal, %
1 Gibbs et al, 3 0.3%0.3 0.1 973~1113 0.9 1.0~1.3 1.5
2 Roberts et al. 36 1.6x0.6 01 1073~1223 1.16~1.3 1.0~1.5
3 Jonke et al.9) 0.15 1D 0.1 1063~1223  1.05~2.2 1.2~1.5
4 Hirama et al.3® 0.111D 0.1 973~1223  0.80~1.4 1.0~1.3 0.8
5 Roberts et al. 38 1.2x0.6 0.35~0.6 1073~1223 1.05~1.25 1.0~1.5
6 Vogel et al. 38 0.15 1D 0.8 1063~1173  0.60~1.5 1.15 1.5
7 Nutkis 30 0.11, 0.32ID  0.9~0.9% 953~1253 1.0~3.0 1.05~2.1 1.2~1.5
¢ Present work 0.11 1D 0.1 1073~1173  1..0~1.2 1.1~1.2 0.8
100 — ' 1 ' ' ' ' T3, MEQULAPE T T3 EBBEIRLET
» : T ‘:.'. s present work | 43 fﬁ, Z U)E'fiax[j:d\é L <F|g 31 2) ¥ f:’
- N L) —~
N o\l ; “oeree | NOxk COMEBERL AIZKAFT 2 (Figs.34 &
s . ] 1 8) %, CORERIZHEBBMBEOREITLNTH
I R T S o LSO LRa T, sagmmms s
g | . 1 HBMBEEROB AL B, A =1.0~1.15 2%
5ot T T 1 DEESBRE COBRES TR TH S, A OET
m | —1- — L I NOx DRI GTIE AL, 7T v b Ak ORE
0 200 . 400C _ §00 800 [ EizEE+ 32 & TS A TH B, 1 k=R
Ny Or NO . PP
Fie 3.22 NO o g et chici Ay DL iwkﬁﬁl? (Fig. 3-13) 2% COFEER Lz
ig. 3 x emission and combustion effici- ) e
ency; a comparison of the present LHTNEELZVOT, NOxDIERIZE>TD
data with the data from previous EE (Fig. 3- 3) , Thabhbl0ETNETHS,
works (see also Table 3-5). NOx B8RS Ty KU Toy LKA L, IREHE
WIZED 2 5 (Figs. 3-3&4), fihTs, HExhEE
£RIIPFBCCIZIFRAZETH Y, HEO AFBC FEHC Ty, PEVIEEEC L 5 (Fig. 3-14)

J:U@bd‘@$uﬁ SRPEL TV,

—J5, HEERS I O MR EIE % 7 2
BRBE ST & A NOx Ok &/ Ay b 75
YN OEE S (E o TEHMNCHMET L, 2 KR
DIREABMLEE 7)) — R - FEx2ELTA2
LI E - T100ppm LI T~ DEKE & TaETH 5 &
WELTWwE, L2 ->T, NOx DERICE-> T
EBATBE L 2B R R B O R &
N Z B, (B NOx L, BsEzhR O ER 5 U
IR RO SR & [BS I 5R U5 2 B s
RN L TOFRMIERBS »Th 3,

FHFZECIL, NOx & COFRAEES 5ol
TN RIE i%ﬁikﬂmﬁwﬁﬁi,fﬂ%hﬁ
itﬁﬁ?itf:o TR B9, e i
CO% IFZER bt L IR A5, X
xtiz NOx%r"éigg TN+ 5, LAd-T, B
HOEEIZNOx, CO, BB 7 2~ O R
MEMICERL 2 LTSN ITNIELE S %V,

Lfﬁof NOx & BRRMNZEDOM G 4EEL /=35
. REBREHEHTIE, Ty, 1, 070K, Ts, #°1, 170
KEF# Flwenz sy, REErET IHEA
AR RIS D Bl S 2 EE L TTy, & BE
%M\fﬁn’%éo
B DRI A O LI & Bk ESE & CO
HERREET 22 LIZBL 2 Th 54, KT
& o T EER T NOx AN 21T 2 (Fig
3:6)c T/, LEETONOxAERKINE LERIZH
AT BRBED W F v — PhHER SO BE
IIKIFL, 26 OEBEILRE L 228 Tk
<, T¥1@7')— R-FESILRETE £
bbb, L7225 T, TERODZ7)—F—FSxn
AT & FER OB ARRIF OB IRIZ(E NOx {klz b -7
BETH S, Ih sl Tidkz=ETHET 3,

3-5 ¥ & &
NOx & COSEROMR, BihEnm E, B
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FifeDZhEL S S OREFER 20 &L - 2 Bk
FRBRIOH L WA R AREL, NEM0.1Im
DEBIZ L - TEZOFHEEMITL 20 BFSNR
FIERDBY Th D,

(1) NOxJEEEIT 1 kBRI L.OME T
%Y, FERETEBROBEEHNL T3KTRED
R R F AR ONOx FE Bl st 771 1
~1.20 & 2120~150ppm Th-7-o & DEED
HERBREE 2 5t BANOx [BIRFEIZH0% TH 5.
HERBRNE & b L 2B A O 20 &) 2 NOx IR
WRIE, FEO7 ) —KR— FEE & FEFTDONOx
BERIGPREESNZZEILE28DTH 3,

(20 CONREEL LBEOWHBIZL>THELL
BiEh, BRABIKIREY 2 %O HETE 500
ppm Ll FIC% -7, ZOL 12 BiR B
TR 2 DHHEIZE L (EHSNSIDT,
IR RIZE R IR TOMBEF REIZ Z 5,

(3)  1RESILAFL.00E XOBBEDEL, BR
FEAY 1, 073K CHZRRLLE A 1.1~1.2085 45, 97
~98% TH Y, HERRBEOBEGLEDL3~4%
JEL2 LIT3K OHEI013 9% E T 5
ZEHhhol, JOkIICBESFEFE LT
500, EBROEERT & ASEEOm T O
TeOTHY USHE R & » T O 4R PR AE B
BEL GB35 TH S,

(@) FRUH UIRORZRIZHEBBEOSES LD b/h
XL B, k7, 2BIREEHEEEE DS DO
BOROH U E L TED 5 EERADHBDE
EREIC Lo TR hA e bhr T,
3517, 2BBREIRE AR K ARBAMRHE 2 AR

AN THEN, AE TR BERmERE TR

FARERLIELE, FORR, LTOXE 25

RS 5 N7z,

(1) 2EmsEaEE R & B A L G ad
FIRZIE, BREAKAERUCHERE T
2 BEREE FRIC AN TR S ES
5Mi,

(2) EFES00C, Ca/S TN 4 LI ETHE0%
D HEEIGS L,
DILEOfERY S, 22 THREL - 2 BiR#h ik

eI, NOx & COZStEREOER L 5 I

& ks o LR FIRHC BT E AFTL W

BREEFRCH Y, NOxZSEER & BB I mER

OFEBHEEL L REETH L2 Fbh oz,
2 ERFE) mIREEE B ) LEREIRG X CBC & [AI £k

OEEERFDODT, ZOMBEEIIMB SRS
WHRIZHBELTWS EEZ 6N 5,

i =5
Ca /S=molar ratic of Cato S, -
C. = combustibles content in ash, wt %
Cey = CO concentration in flue gas, %

Crox = NOx concentration in flue gas, ppm

Cy: = 0, concentration in flue gas, %

C, = sulfur content in coal, -

Cgoz = SO, concentration in flue gas, ppm

dp = particle diameter, mm or m

E = NOx emission index, mol/g

E, = emission index for lower stage, mol/g
E, = emission index for upper stage, mol/g
F. =coal feed rate, kg/h

fy = utilization of limestone, -

h = height from (lower) distributor, m

H: = fluidized bed height, m

H¢, = fluidized bed height of lower stage, m
H:, = fluidized bed height of upper stage, m
H, =high heating value, kJ/kg

H, =low heating value, kJ/kg

Hmf = bed height at incipient fluidization, m

H, = static bed height, m or mm

M. = molecular weight of sulfur, kg/mol

d, = heat generation rate in lower stage, kJ/h
g, = heat generation rate in upper stage, kJ/h

Q, = air feed rate, Nm®’/h
Q; = flowrate of flue gas, Nm*/h
S,, = charging rate of sulfur, mol/h

S .. = discharging rate of sulfur, mol/h

t = time, 5 or min

T = temperature, K

Ty, = bed temperature, K or C

T,, = bed temperature of lower stage, K

Ty, = bed temperature of upper stage, K

T, = room temeperature, K

u, = superficial gas velocity at T= Ty, m/s

u,, = superficial gas velocity of lower stage,
m/s

u,; = superficial gas velocity of upper stage,
m/s

u,s = superficial gas velocity at incipient

fluidization (T =T.), m/s



Ts
A

A
Ae

= combustion efficiency (heat available),%

= fraction of heat released in upper
stage, %

= sulfur removal, %

= stoichiometric air ratio (total air ratio),-

= primary air ratio, -

= secondary aly ratio, -
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Fig. 42 Gas sampling system for NH;
analysis.
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Fig. 4-3 Typical example of NH; and NOx

concentration profile (A,=1.0,
A =1.2).

Experimental conditions.

Bed temperatures of lower and upper stage; Ty & Tw =1073 to 1223 K

Primary air raio
Secondary air ratio

Total air ratio

Superficial gas velocity of lower bed

Superficial gas velocity of upper bed

Fluidized bed height of lower stage
TFluidized bed height of upper stage
Coal feed rate

NH; injection ratio

;A =0.8 t0o 1.2
;A =0.0 to 0.4
;A =1.1 to 1.2
iU =0.9 to 1.4m/s
i, =1.0 to 1.2m/s

;Hn:O.Zm
s He,=0.0 to 0.2 m
;Fe =2.3kg/h

s NH, /NOx* =1 to 40

%molar ratio at the position of NH; injection
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Table4 2 Properties of solid particles.

Chemical composition (wt %)

Surface area

Fe.0; S0, AlLO, C.0 M0 BET, m?*/g
Lime - stone (L) 0.02 0.3 0.08 55.4 0.2 5.4
Red mud (RM) 37.0 16.0 23.0 1.8
Coal ash (CA) 6.0 49. 9 32.3 8.3 1.1 1.3
Silica sand (SS) 0.8 87.2 3.7 5.2 0.8 <1
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Table 4,- 3
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A BB 5 &, SAHRE R K USRI
BRIV TENFNFig421 DEI12% 3,
Fi, 0% 6 Hy R FDFE S Tabled -3 D
koo h, a5z, Figd-211248Fh 3
ERBORT 554X Fig. 4220 L5 10% a1
5
SHEROBFRIZH T BANO & NH, 0 sHkiElade
ke k5 InEE 5 0 Y YRR s b,
NH; 43 & NO OIS 4 LT 0, OTFE
BRARTH 5o BEREIGRTIX 0, % <T

NO NO
/ /
NH? I NH; K [1I
X \
N, N,
a) without catalyst b) with catalyst

Fig. 4-21 Supposed reaction model.

Relation between observed findings and reaction
model shown in Fig. 421

reaction system

observed reactions

reactions related
NH, NO in Fig,4-21 figures
NH, NO O, H, decomposition reduction
{without catalyst)
O 4-13
O O o * I, I, I 4-13, 15
O O
O o 0 0 * I, I, T 4-15
O O 4:16
o © o 0 o) I, I, It 4-16, 18
o] O @)
O o o O ] o, * I, II, T 4-18
{with catalyst)
O O I 4-13, 14
O 0 o) % I, I, M 4-13, 14, 15
O O 0 o) * I, I, I 4-15
0] O O O I, I 4.17
O O ) O G, * I, I, I 4-17, 18
o O 0 o} 0 I, 0, o
c O o © o} o, % I, I, I 4-19
o} o %% O I I, M 4-20

% net NO formation

sk NH; formation




NO NO
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NH; NH:+0. NH; NH;
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Nz N,

a) without catalyst b) with catalyst

Fig. 4-22 A necessary condition for each
reaction.

3 NH,0 S NODOR TG A ET L, &5
2, Fig.4-21 01" OO LI I2KMER
THRD N R nbED, 72, KK
IR T NHy & 01282 NOEHRKIGHEHE D
EE A (Fig.4-13) 2%, BMEGRTRIOR
IEAE L CREXI NS (Fig. 4-14) O T, 0,364F
TTONH; 1ok 5 NOBTTKIGIE & 217 |k, H#F
%< %% (Fig.4-17) L2»L, 0.5 ->THH,
ARFT D& ARG R BRI ERONOE
TROEGZIFEAEEL B (Fig.419), £
RIGHETIEHAC > T NORITEHIE L KT
T 5,

4 -4 2B RENEMABERIC K B E NOx{E
BIETE CILBNEERL 5, 2 BRBRREC
EARFOERK (Fuel-N)2* Fig4-23 125 T &
JIEMLTWEREDEEZLNS, FPETI,
Fuel-N #*NOx & N, 128532 L, [z NH: % 4
¥ 3. TONH: D—EETRBRO 7)) —FK— FE
THIEL, S5IINOx 2B L TN IR B, £
7o, BELCEERICA S/ NHa 2 kK@ E I &
STHBEL, —EHENOxIzb s+ 2, —F, T

|-—|ower stage upper stage—ﬁ

0O:

0.

coaI—Cﬁiﬂl—v CO:, CO & char «LCOZ
N
"

- N_é&};—'NOX lcnar O; E-?cat.
N R4
\ R -

Fig. 4-23 Formation and reduction of NOx
in the two-stage fluidized bed
combustion.
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granules on NOx reduction,
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Ciu; =H, concentration at reactor inlet, %
Cisu; =NH; concentration at reactor inlet, ppm
Cino =NO concentration at reactor inlet, ppm
Cios =0; concentration at reactor inlet , %
Cro =NO concentration in flue gas, ppm
Cyox =NOx concentration in flue gas, ppm
Conus=concentration at reactor outlet, ppm
Cono =NO concentration at reactor outlet, ppm
Conox=NOx concentration at reactor outlet,

ppm
Co; =0, concentration in flue gas, %

E =NOx or NH; emission index, mol/g

E, =-emission index for lower stage, mol/g
E, =emission index for upper stage, mol/g
Fc =coal feed rate, kg/h

k  =height from(lower)distributor, m

h' =height from bed surface, m

H; =fluidized bed height, m

Hi =fluidized bed height of lower stage, m
H:, =fluidized bed height of upper stage, m
H. =high heating value, kJ/kg

H, =low heating value, kJ/kg

Hn; =bed height at incipient fluidization, m
Hs =static bed height, m or mm

Q. =air feed rate, Nm¥%h

Qi = flow rate of flue gas. Nm%h

T =temperature, K

T, =bed temperature, K
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Te1 =bed temperature of lower stage, K 2) FH, WL, FEE Nk ibid, 61, 268(1982)
Kunii, D., T. Furusawa and K. T. Wu;
“Fluidization”, Ed. by J. R. Grace and J. M.

M. Mastsen, Plenum Press, 1980. p. 175

Ts2 =bed temperature of upper stage, K 3)
Tin; = temperature at the position of NH,

injector, K

Ty =room temperature, K 4y b D AEREANATEAT, RRFIAMITER ELE

u, = superficial gas velocity at T=T,, m/s VEE, p. 41, (1979, EI)

uy, = superficial gas velocity of lower stage, 5) Hirama, T., M.Tomita, T. Adachi and M.
m/s Horio; Environmental Science & Technology,

ue, =superficial gas velocity of upper stage, 14, 960(1980)

Ums

m/s

=superficial gas velocity at incipient

BR, B R, S8, #H, FH, #EE 0
&5, No.68, 1978

fluidization (T=T}), m/s 7)

Yy =Iractional decomposion of NHj, -

Furusawa, T., N. Yamada, T. Sendo and D.
Kunii; J. Chem. Eng., Japan, 12, 71(1979)

Mo =fractional reduction of NO, - 8) R, EH, /e, WLE LB ISmE, 4,
7 =combustion efficiency (heat available), % 562(1978)
A =stoichiometric air ratio (total air 9) A&, B BGEE 56, 179(1977)
ratio), - 10) 5ERd, 4R, &5, )ik BLEE, 1979, p.138
A,  =primary air ratio, - 11) idem; ibid, 1979, p. 668
A; =secondary air ratio, - 12) =%, W& #BE 56, 751(1977)
13) LM, =58, R4 Cibid, 57 269(1978)
2EXH 14) %[ "@F‘m’] A% 0 AL, 1980, p.1274
1) FR, &F, EH, SR T kB, 15) 1dem, ibid, 1980, p.1282

59, 833(1980)
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5.1 AHEABBBEOETSIL

5:1-1 @EU®HIC

R OB & UL B 101, BENT
HE TV B A ALETORA, AROBHERS,
KT 0RO L & B, FOERE 7 ) — K= F

TREMA BB DG

%Y, EHETIE 2w, £2°C, E7FLOMEI%
BRI EIT, HEHEBMIOEL 2 EREa - 2%
FLEF L ORRARETS 5,

B, GROBIBBEOET VS, BE RHE
SNhTHED, 20FELHD% Table5 1177,

BT AR FobrEEr, (LFERELERET
AL HNETHE, UL, ZN5E2TORE
OELEREED Z A —RALT FIIRE TR

Olofssonz)kParkBS)L:al:;htjf, Th50TEFN
W, ThENBERERAE-THY, 2OHEH
CREL T, (EEEMICES U BROET VR

Table5:1 Models for fluidized-bed coal combustors.

No Authors Reference Fluidized Gas flow Particle Devolatili- Combustion FElutriation
no. bed model flow zation
1 Avedesian et al. 4 2P BP-EC CM NC FD NC
2 Campbell et al. 5 2P BP-EC CM NC FD NC
3 Gibbs 6 2P BP-EC CM U FD CONS
4 Gordon et al. 7 2P BP-EC CM NC FD, CO NC
5 Gordon et al. 8 2P BP-EC CM NC CcO NC
6 Chen et al. 9 3P BP-EP CM NC ¥D CONS
7 Horio et al. 10 2P BP-EC CM NC FD+SR CONS
8 Horio et al. 11, 12,13 CS BC-EC CCM U FD-SR CONS
9 Baron et al. 14,15 2P BP-EC CM NC FD+SR CONS
10 Fan et al. 16 2P BP-EC DSP NC FD NC
11 Park et al. 3 1P P CM P D+ SR CONS
12 Tomita et al. this paper 2P BP-EC CM L9 FD-+SR CONS
Note;
Fluidized-bed model
1P One phase model; no distinction between phases
2P Two phase model; bubble and emulsion phases
3p Three phase model; bubble, cloud and emulsion phases
CS Compartments In series model; two phases in each compartment
Gas flow
BP-EC Plug flow in the bubble phase, complete mixing in the emulsion phase
BP-EP Plug flow in both phases
BC-EC Complete mixing in both phases
P Plug flow through the bed
Particle flow
CM Complete mixing
CCM Complete mixing in each compartment
DSP Dispersion, dispersion coefficient for mass balance
Devolatilization
NC Not considered
g Instantaneous devolatilization, unformly across the ccal feed plane
P Tnstantaneous devolatilization at the coal feed point
Combustion rate
CcO CO oxidation rate is comparable to that of other reactions
FD Film diffusion controlling

FD+SR Both film dilffusion and surface reaction influence the rate, CO oxidation is very fast
Flutriation

NC Not considered

CONS  Considered



BIRTALENF LS, 2hbOFEWAS, HIRT
g, R R OTEERE D E F AL O IL S BERE
A2 ED RN 5,

RE TR, AR RSN T & L2mROE
FERBRBEDE TV EREL, ZOET VLS
THREESD R IZ RIETHEET O R EMET L ok
Berfpet s, BRELEZEFLVIE IKSOEVVE
LR EO XD, BRBEIC Lo THREEON Y
HENVELT, BURKPTREE 2R T 2551
WHTESLHDTH %,

5-1-2 EFIME
1) wEE - B 3 [

FHEEAIC BT AMESEIIEETHD, £
+SITIBEI AT LR W, WEMEED Y 2 2 b
— ¥ 3 YIZRERORSEE # EREICHER T 5 2
EAVETH D, TUEHE S BEMEBMO A AOWER
Borciagiomd g sns, 22T, m
B 2RO WT, RO &) TR REAH
B,

HENE » R BFAICSEIL TE 2, S
MITIERROBEEY 2w O LRET 5, SUdHE
PEBT AN AOHNIE AN VIR THD, &
BTG AOGRREZVWEDET 5, £/, T
NTORFIESEEREARECEEEANICS Y, B
EHH ORISR B L REE I BT 322/ L [H
UCHhDERET 50
A3BFEE Mori & Wen OFEBIR " 12 & 0 #EE+
%

(Dgmax—Ds )/ (Pomax—Deo)

:exp(—o.gH/DT) .................. (5—1)
ZIT,
0.4
D =0.652{ (U ~Un)Ag]  vevvevee (5—2)
0.4
Dm:@344AAU—UmQA%J ------ (5—3)

L0800 LARE, L SEOKHEAS ol tAR
2k nRd 3,
Up=U—Ups +0.711(gDs) 2
e5=(U—Up¢) /Us
A ANERIBAE CBEEE T BmARE 5, F D
7 2 A5 Had% 34 Ko % Davidson & Harrison £ 50"
R DRATRD 5,
Kae =4.5(U s /Ds) +5.85(D" g¥4 /D%

)

(69)

JEPRIF DR W iRz L 0K 3,

FRENLBBARIED 7 AT Uni 13 Wen & Yud'fg
BUERE 1m0k 2,
Rem = (33.7°+0.0408C, ) 2—33.7 == (5-8)
zzT,
Remt =dpeU 1ne/ 1tg
Ga=dr’0¢(penar—0e) 8/ 11"
5107, FHRFELIIERRIIL - Tk 3
LD ET A,
=1/ [ [P /d) dd

ZIZT, Plde) IERIESTRREETH 5,

2) TEIRBEI 51 B AR
TENEBEORIE L, FILERS ST v —
KO TR L OBA T A3 ERFREIC L -
THRE SN S, MR IXBERE & HROREEC
EoTXBLEIN S, MUH LEE IR ROKEIC
HETH 24, BEEICIHRTH 5,

ZITH, ARBEORIGE L TETIVORE
FUED 72D RDORKIGET 2#F 2, oORIGIZD
WTIHERTILDE L,

C+0,—CO, (5—12)

TERANTIELROBETZ 2, Fv—RFD
KRB L RO LREICEE L 0L D E K
ET B, £, ARDDNEF v —RFOERE,
PHERUVEFRIZDNTIE, REFLTEEELL
WO L,

FS (5 —12) O FUSHE ER ke 12 8 X TR w
%, =Rz, Hirama 5242H L 2 %2 % ik iF
L8 DTH 3,

k,=40,500exp(—15,400/RT) «+e-rvene (5—13)

Fy—RFORCHE LEEIL, Merrick &
Highley I~ & 288 © CHE = h 3 ROV LK

EERK*d) #HHL TRD 2,
K*(dp) We/ (A+U pg) =0.0001 -+ 130exp
|~ 104U/ Ut/ (U~ U)o
.................. (5_14)
TY—R— FNIZRBENZHER, UF
BRUZOMMOEEREY 2> T, KFITHE
BRENIIERR I 380 EEZ SN, ZOBH
DHELHE L ORFOREMZEE Y () ©F 1



(70)

THHOLTHIE, RUHLEEER K*d) o
£ 12 K* (d) 1—Y(de)) 2 1EATAIZ LW,
ZITIE, Y(d) BRRICE-THRD B ZEIZL
Foo ZORNIFERMBERZBIRHATE S L HIIK
BHImEBRRNTH 5,

Y (dp) =exp (—0.002/dp2) veereernenses (5—15)
Kunii & Levenspiel OZ 18) L, HEE
PhIREHEshART &R U&Tﬁ%@?ﬁﬁf
X, & X3, RRICE>TER BN,

1u&mm1X@R@MLH%&ﬂ®

min

Xp=1— _[; P (1— X )P(dp)dds -+ (5—17)

Pmin

- o e
[N 5

(1—Xu)=["A—t/0 0/ Dexp(—t/T)ds

............... (5—18)
T ='de?/ (Zbkr (OF) JRRIIPETRPIS ST PRI PREPPRER (5_19>
(1/{): I/WB+K*(dP) (1_Y(dP)> (5"‘20)

3) MENBIZ & AWK
TREIB I 51T B BHER R UBRBELS & 0 B R OB
FEmEEE, fEe SEICERES, HeT 58
ROBED BRIZEAL, RREELLZVLD
L, KT SRR 2 W IR
TEZ BN S,
BF ,=F, 4 F, oo (5—21)
= 2T, FoREHROMEHEE, FOLBr 5K E
s AR F v — R OB, RUT,
AL F v —RTORCL LMETH S, £72,
B=Pcnar/Poal  +eessssseesesssnes (5—22)
B & UKLF ORI S Polde) & TR UM LRIF
ORIESA Plde) kORI ENEZ 615,
Pl(dP) = (BFU/Fl)[Po(dP)/
114 (We/F)K*(de) 1—Y (de )} ]

Pz(dP):

ZZT, PﬁﬂifﬁEﬁwﬁiﬁﬁfééo
(5 —23) 2fES L, BHT 5 &RAFHE
%o

F, /8F, l;”mxu>da/1+wV@/Fo

min

K*(dp) (1—Y(dp))} 1ddp -+ (5—25)

R(5—20)FXATAETHRAT22&12L0T,
HEHREEF 2KkD 3, KIZPAF, & F 2R (5-21)

RALT, RUOHLHBET, 23k 5,

HEFE 0 ORREEIS SIEAE &8 U CEf a2 [m Uk
ECETL, SUBMHATIET v —OBEF L 1
D&FTHE, BRNKIIAROLIICE S,

—dCp/dH=Kpr(Cs—Cg)/Us+rym--- (5—26)
ﬁ%ﬁ®%%ﬁﬁmmﬁkﬁﬁﬁﬁiéo
v =0yl o/ {A7UHg) reeeemrannnnnans (5—27)
2T, Owm THRESOHGRRBEREECH 5,

ﬂ(’jﬁcﬁk{/ﬁ)—#“B@FﬁEj@M$W\fﬁ‘ KDORIE
53,
ArU(Chin—Cym—Cs)
= (EX+FoX) (98/bochar) v (5—28)

(56— 28) DAY, RS OB L SIEHED 5
EBEHANOHMESRE . L IBEOEEEELEL
ThHY, HETEEMCET 2HROMBEECE 2
BEOWHIEELEL Tw3, SJaHADICET
AWE DR Coin ST OB L ABBFRIRE

DEAL Cym RN EIIZESN A,
Cpin=Cp srrrerrrnri, (5_29)
Com=0ymEp/(AU) «roveeriraninnns (5_30)

AT U OBCE IR L, REMHEN ORI
MEC B ABL T—ETh I ERELT, R
(5—28) % ColZDWTHEL 22D TX 5, $7-,
R (5 —26) IXHIEMRE - THRLS Z L ATk 3,
4) 70 —F— Fiib 3WEINE

T =R FEICEWT, AR EROH LETO
I RN mnTh D, N H AN EE
CHBET7)—FR—-F2@EL T340 L{RE
T3, £, Fy KT OMRBEEEE LR
BT AEEFECCH B LT B,

SO & BIREIESHIE, 7 —F— Rz
Hé%v—ﬁ%@%ﬁﬁ%dﬁﬁf%éﬂ%o

—U(ddpc/dH) = (2b/Ps)kCp weeeeree- (5—31)
—F, 7U—A&
ph3,

ATU(CFin_C]-‘)

— NAODERRIE 2 5 R A

d max
= [ 7" (08 /b)F, Po(dp) (Xp—Xpin) dds

dein

*_L{% de @*J?‘U) ﬁfi\
RO E SIS A,

& RE OB E OB

(XF_XFin): (dpcin3 _dpca)/dP3 """ (5_33)



F(5—-32) £ (53N EXRAFELSN S,
CF=CFin“‘ (IOBFz/bATU)
dpmax
PP, (dp) (dpesrd —dpc?) /et ddp
dpmin
........................ (5—34)
7)) —R— MO ET ABEDEE Colf, R

(5—31) & (5 —34) AHMHEMAT 22 LI2LYK
HEZLHFTES, ZOBEOMEME, 7Y
—F— FADI BT 3 F v —RNFORKIGHOE
% dpcin CEEROERE Con PREEOHMHIC BT
ARMEEELVWELTEZSN S,

5:1-3 & &

Lo EARIZHEMERE I L0 2L

TE3, ZOFHEFEL Fig.5 1 12577,
FIRIERD & D 2 FIETIT- 720

(1) RROME LR, WERREEOE
TRBIESEMO L D AT — 5 2 ART
%

(2) BAKEFORELHAGEHRE U 2FE T
%o Bt Ung 1ZEHEY 5 Tk ORAZES T »

53D 5,
(B8) STBOME, BEREUENRTORUML

URHEE R ELBT 3,

(4) #HAITHFEIZE - TR(5—25) #iET 2
REHLEETF, 23kH 3,

(5) A(5—2DIZLIRUHLBETF, 2K d
Bo R(5—23) & (5—24)IC ko THREHL
B & RO LR FORBSEE2ERT 5

(6) R(5—8)&(5—11) %A L T EM1LED
TG Une #H#HE T 2,

(7) FNEG)THREL 7= Upe DfEA, FIE(2) T
REL 7 Ung EZELWHE S pEFAN, S0
CHWIBEBIZIEFEG TES A Uk 2 F
JE(2) oL WIREE S UTRAT 3,

(8) %Jlﬁ( ) 6} Ung 2’ —H T 25T, FH
(2) 70 5 (6) DFEIFE 24V R T,

(9) {JIL@JE@(&F*HWl BITOIEEIEE Co &
RET 5,

10 (5 =16 5(5—-20012L-»T, HxiH
LRA MU LR FOFIRIGE2E L+
Ao

(1) Runge-Kutta-Gill ##EfE 5 E 12 &L - TR
(5-26) &RV THIEHNO BEIE C &
Kb B,

(71)

Calculate WB
Ealcuiate FI/ FO from Eq. (25ﬂ

Test for F

Ifalculate FZ, UT

Calculate X

LCalculate Cp from Eq. (26"

*<> Test for Cp by Eq. (28)

Ii:alculate CE" XF from Egs. (31) and (34—]

Fig.5-1

1

Algorithmic flow diagram for compu-
tation of the present model.
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Table5-2 Proximate analysis and
properties of coal.

Moisture , wt%% 5.6
Ash Wt% 32.5
Volatile matter wt% 33.9
Fixed carbon wt% 28.0
Low heating value cal/g 4510
Stoichiometric air Nem?¥/g 4670

Stoichiometric oxygen for volatile

» mol/g 0.0204
Density of coal g/cm? 1.56
Density of char g/cm? 1.46
Carbon molar density mol/em?® 0.0563
Sphericity 0.65
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Fig.5-2 Size distributions of feed coals.
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Table5-3 Design variables used in
the model calculations.

Parmetric E . ¢
vt Eperiments
Bed diameter D: em 100 10.8
Bed height H; cm 100 30.0
Freeboard height Hr em 200 70.0
Air feed rate Go Nem®/s 4.17X10° 2.58X10°
Air ratio A 1.2 0.5~1.5
Temperature T T 900 700~900
Maximum bubble diameter in {luidized bed
Dgy em 100 10.8
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Fig.5-3 Elutriated fraction.
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Table5-4. Boiler efficiencies?®,

Boiler type

Boliler efficiency 7

Vertical boiler 0.45~0.55
Cornish boiler 0.50~0.65
Lancashire boiler 0.55~0.70
Fire tube boiler 0.65~0.75
Water tube boiler

Ordinary scale 0.65~0.80

Large scale 0.80~-0.90
Locomotive boiler 0.60~0.70
Marine fire-tube boiler 0.60~0.75
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A =amount of feed air, Nm*/kg
A =heat transfer surface area, m?®
A, =theoritical air amount on fixed carbon in
coal, Nm*/kg
A, =theoritical air amount, Nm®/kg
A; =cross sectional area of fluidized bed, m?

Arq =cross sectional area of gas distributor, m?
B =fuel (coal) feed rate, kg/h

b  =stoichiometric coefficient

C =concentration of oxygen, mol/cm?

C. =carbon content in withdrawn particles
C, =orifice coefficient of perforated plate
C; =carbon content in elutriated particles

C, =specific heat, keal/kg-C

peo =specific heat of coal, keal/kg-C

Cym =variation in oxygen concentration of gas by
combustion of volatile matter, mol/cm®

D =molecular diffusion coefficient of oxygen,
em?/s

Dy =bubble diameter, cm

dor =orifice diameter, m

dp =particle diameter, cm or m

dpe =diameter of unreacted core, cm

dpe =maximum elutriatable particle diameter, m

ds =thickness of perforated plate, cm

Dy =diameter of fluidized bed, em

D, =circle-equivalent diameter of gas distribu-
tor, cm

F =particle flow rate, g/s

F  =particle flow rate per 1 kg of coal, kg/kg

fo =ratio of withdrawn rate to feed rate

ff =ratio of elutriation rate to feed rate

F. =Froude number

g =acceleration of gravity, cm?/s or m%h

G =-evaporation capacity, kg/h

Ga =Galilei number

Ga =air flow rate, kg/h

g, =conversion factor, g-cm/G-s’

Ge =amount of flue gas, Nm*/kg

G% =flow rate of flue gas including elutriation
particles, kg/h

H =height, cm or m

H, =low heating value, kcal/kg

i, —enthalpy of air, keal/kg

iz =enthalpy of flue gas, keal/kg

iw =enthalpy of water, kcal/kg

i, =enthalpy of feed water, keal/kg

i, =enthalpy of steam, keal/kg

J.o =sensible heat of air per 1 kg of coal,
keal /kg

J, =combustin heat of removal particles per
1 kg of coal, keal/kg

J. =sensible heat of withdrawn particles per
1 kg of coal, keal/kg

J; =sensible heat of elutriated particles per

1 kg of coal, keal/kg
J¢ =sensible heat of flue gas per 1 kg of coal,
kecal/kg

Kge =overall coefficient of gas interchange between



bubble phase and emulsion phase, 1/s

K*(dp) =elutriation rate constant, 1/s

ki =apparent reaction rate constant of coal
char, 1/s
kr =combustion rate constant of coal, cm/s

£oar =plich of cap arrangement on gas distribu-

tor, m
g1 =sensible heat loss by flue gas
g, =combustion heat loss by unburned com-
bustibles
£n =combustion heat loss by removal particles
£, =combustion heat loss by flue gas
#:s =heat loss by radiation
4, =sensible heat loss by removal particles
25 =heat loss by unsteady operation

Negp =number of caps on gas distributor

Nor =number of orifices

Ner =number of orifices

Oym =stoichiometric oxygen consurr;ption for
combustion of volatiles, mol/g

P (dp) =size distribution function of particles,

1/cm

@ =sensible heat rate, kcal/h

Q, =combustion heat rate, keal/h

Qrq =radiant heat rate, keal/h

@ =heat transfer rate, kcal/h

R =gas constant, cal/deg-mol

Re =Reynolds number

Rems =Reynolds number at minimum fluidization

ror =fraction of open area in gas distributor

rym =combustion rate of volatiles, mol/cm*

t =temperature, C

T =absolute temperature, K

ta  =temperature of air, C

tsg =temperature of feed air, C

ts  =temperature of fluidized bed, C
teco =temperature of feed coal, C

te =temperature of flue gas, C

T, =absolute temperature at 0 C, K

tw =temperature of water, C
U =superficial gas velocity, cm/s
U =overall heat transfer coefficient,

keal/m®-h.-C
ua =alir velocity, m/s

Us =bubble rising velocity, m/s

(83)

u, =flue gas velocity, m/s

Umf =superficial gas velocity at minimum fluidi-
zation, m/s

Un: =superficial gas velocity at minimum fluidi-
zation, cm/s

u, =superficial gas velocity, m/s

Uor =gas velocity through an orifice, m/s

Usre =Ugr at incipient fluidization on maximum
particles in bed, m/s

W =terminal velocity of particle, m/s

U, =terminal velocity of particle, cm/s

W3 =total weight of fluidized bed materials, g

X  =conversion of coal

Xi. =conversion of elutriated particles

Y (ds) =collection efficiency for particles in size

d»

a =correction factor for heat transfer rate

B =pchar / Oconl

AP¢ =pressure drop by gas distributor, cmH,0

At =temperature difference, C

At =logarithmic mean temperature difference, C

eg  =bubble volume fraction

emi =bed voidage at minimum fluidization

7 =boller efficiency

7. =combustion efficiency
A =air ratio

A =corrected air ratio

ug =viscosity of gas, g/cm's or kg/m:s

Pap =density of air at 0 C and 1 atm, kg/m?
ps  =carbon molar density, mol/cm®

Pehar =density of char, g/cm®

Peoel =density of coal, g/cm?

pg  =density of gas, g/cm?® or kg/m?

p, =density of particle, kg/m*

T =time for complete combustion, s
Subscripts

a  ==air

A =alir heater

B =bubble, bubble phase, fluidized bed
¢ =withdrawn particles

co =coal

d; =particle diameter

E  =emulsion phase, econmiser

f  =eclutriated particles

I =freehoard
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g =gas, flue gas

in  =inlet

max = maximuIn

mf =minimum fluidization
min = minimum

out =outlet

w  =water

0 =feed, coal

1 =withdrawn outflow, inlet
2  =elutriated outflow, outlet
Superscript

— =mean value
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Fig.A.1 Fluidized be
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TLRSTIE wt %
TGy 5.6
K5 32.5
e 44.5
b 4.2
7S 12.7
=ER 0.4
fig 2% 0.084
LEmirE wt %
TR G 5.6
e 32.5
B 33.9
[ 7E b 3R 28.1
=hr S Bk Hy 4,680 keal/kg
LA zEshE H)
H, =H, —5200(H—0/8) —600W
=4680—(5200) (0.042—0.1278) —
(600) (0,056)
=4,510 kcal / kg
LT kg/m?
T 1, 580
AR (ARF *—) 1,460
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Bt 53 G B A SR
frE (em) BHEEY
~0.00074 7.5
~0.0105 10.1
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~(.0250 20.7
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~0.500 99.5
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Fig.A.2 Size distribution of coal.
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Z DHES N & HEHERAEIL 7T B L, 20
g 5 5 & - RIS T & Fig A2 1R

A-1-2

K1 T -2

1) ZFREBLHTARROHES A0y L~
M EE 0 =1.867C+5.6H+0.75—-0.70
= (1,867)(0.445) + (5.6)(0.042)
+(0.7)(0.00084)—(0.7)(0.127)

=0.978 Nm’/kg

HzarEsE A, = 0,/0.210
= 4 656 Nm®/kg

A =14,

=(1.2)(4.656)
= 5.587 Nm*/kg
My AR G =8.89C +32.26H—2.630
+0.8N+3.335 +1.24W

= (8.89)(0.445) + (32.26) X
(0.042) — (2.63)(0.127)+

(0.8)(0.004) + (3.33) x
(0.0084) + (1.24)(0.056)
= 5.052 Nm®/kg

EIEHETAE Gg =G HA-1) A,

=5.052+ (1.2— 1 )(4.656)

= 5.984 Nm®*/kg

HEAADL v % LY —1i,
SEEMEET 28 D E{REL TR 3,

kg/kg  wt%

H.O S.OH+W 0.434 5.5
N, N+0.9884A, 5.520 70.2
O, 0.30{1 —1) As 0.279 3.6
CO, 3.667C 1.632  20.7
S0, 2.05 0.002 0.02

EEHEHN A Gew =7.867  100.02
800C 12417 3 ZH5EA

Cy, keal/kg
H.O 0.484 X 0.055 = 0,027
N, 0.262 X 0.702 = 0.1&4
0, 0.229 X 0.036 = 0.008
CO, 0.253 X 0.207 = 0.053
SO, 0,174 X 0.0002 = 0

BEZ A DB Gog =0.272 keal/kg-C

BOOTC IZHB T BHEFTANDL Y ¥ L — i,

ig = Cogty
= (0.272) (800)
=217.6 keal/kg



(90)

FIfIZL CUOBEEIIHEIT 2Ly M —ig &
_J(&b; /k@ckjtﬁﬁﬁﬁ‘ bﬂf;o

wEC ig, kcal kg
0 0
200 51.1
400 104.3
600 159.8
800 217.6
1000 275.4
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), TOFEREFIgEA-3IZRT,

T
Complete combustion of
300 - Talhelyo coal N
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Flue gas temperature tg (C)

Fig.A.3 Enthalpy of flue gas.

2) IREMLA A DR
= FR R dpmax = 5.5 mm —0.0055 m
%\%ﬁ%—:‘?j ]} 7 /f XU)??XEFFX Uor
— %) 0.4
Uor = ( 100 +7, domax
pp =1580 kg/m’ (H)

 (132)(1580) »
Yor = 100+ 1580) \0-0055)

=15.49 m/s (at0C, latm)
SEEF OO L ror =0.03
AL ZESRE Wa
Hya = Tor Uor
=1{0.03) (15.49)
=0.465m/s (at 0C, latm)

TRENE /7 AT U

e uﬂa(%)(%>
=(0.465) (5.98/5.59) (1173.2/273.2)
=2.14m/s (at 900, 1atm)
3) ARIKOMUMLEIG LIEE D LES
(1) FRUH Lrﬁﬁ*ijfﬁédpc
B de & ARIEEIE w & DRIGE R ETE L T
ﬂ%f:fﬁ%%%Flg.A 4iZRT, ZOM» 5,
doc=9.7X10""m —0.97 mm
(2) MUML Lzl ofsg
LRDRFREGANZ B NT, dec LITF D%
TR, dee A LORFIZIRE S 21 3
LD LT, Fig. A4 & 0,
TRUH LEIA £ = 0.505
el LUEIS fo=0.495
E LB
HHROBZESRII BT, FEEEEAH
ROME 2 7R3 RITF1E Bk 0 P k%

de &5 3,
ff+1.0 _ 0.505+1.0
2 2
= 0,753
LEORES A (Fig. A 2) 25

de =0.02m —2.0 mm
K2 py =1460 kg/nd (BB % —)
900°C, latmi BT 3D
P, = 0.301 kg/m’
te = 4.8X107° kg/m-s
Fr =de® Py P e/tie’
=(0.002)(0.301)(1460)(9.81)
/ (4.8X107%)?
=1.497x10"
ENMEBHEREED L 4 7 0 X8 Ry
Rems = (33.7°4+0.0408 F ) * —33.7
= 8.09
T E L BAIAEE U
Ugr= Romet2e/ (dr 2)
= (8.09)(4.8X107%)/((0.002)(0.301)]
= 0.645 m/s {at 90.0C, 1atm)
(3) wmE{b O
9007C, latm!Z#HWT,

e _ 2.14

Um; 0. 645
=3.32
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Fig.A.4 Terminal velocity of coal char particle.

L7z, oot 550 HET
X5, LdHLads, ¥—v¥ForpEl0izD
CZE[E RS L e, HANTF & SHEIE
ML T2 ) v h— 2 B3RS H 5D T
FEET 5,

KA 7 —5hEE
(1) HeH 2 OFAZLIER 0,

HeH 2B EH260TC TH 2D T,
Je = Cavis
=(7.87) (67.0)
= 527.3 kecal kg
Jao = ACpata
=(5.59) (0.312) (10.0)
=17.4 kecal /kg
_Js—Jao
H,
={(527.3—17.4)/(4510)
=0,1131
(2) RO FREEIRR 0,
Bl 7 B DEHGRZERE AL
Are = 8.89Cc0
= (8.89)(0.281)
= 2.498 Nm'/kg
ENRE N

AAq

L

(1.2)74.656)
4.656— (0.505)(2.498)

= 1.65
RENT O RSEE Rk
k=14, 3exp(—3926/RT)
= 14,3 exp(—3926/(1.987)(273.24900))
=2.65 1/s
(ke A He/uog)=1(2.65)(1.65) (1.5)/(2.14)
=3.06
(1 —=Xg)=2.10exp (— kA He /)
=2.10exp(—3.06)
= 0.0985
FeUHL USRI O FRIRFE 5 C;
Creo (1 —Xx)
Croo {1 =X ) +Cao
(0.281)(0.0985)
(0.281)(0.0985) +0.325
= 0.0785
O Lk Fy
F =FCu/(1-C)
= (0.505)10.325) /(1 —0.0277)
= 0.169 kg/ke

Cf:
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e U H URET DR MRIBI 2 T

Jor = 8100 F; C;

= (8100)(0.169)(0.0277)

— 37.9 keal/kg
e URTORME S Co=0.02&F 5,
HEHLRTOEFE,

Fo=f¢ Cao/(1—Co)
=(0.495)(0.325)/(1 —0.02)
=(.164 kg/kg

HEH LR ORISR,

J,,=8100 F, C,
= (8100)(0.164)(0.02)
=26.6 keal /kg

RIRIEIZ L AR O,

b= (ch + be)/Hl
=(26.6+37.9)/(4510)
=(.0143

TR AN K BRI O
HeH AHOFRMRA A & CO 1T e L, %03
AR X oo 0. 004 L IRET 3 &,
P 3035 Gg Xeo
Hl
= {3035)(5.98)(0.004) / (4510)
=0.0161
F BRI S ERE R 4,
Oy = Lou+ bs
=0.014340.0161
=(.0304
(3) BTk 2385 0,
FEIREG=14t/h, Fig.5-10 » 5 FHL 3
&,
0;=0.015
(4) PR =N ARF ORI K S HEE 0.
s UK 7 OREEE I,
Jo= F, Cpete
= (0.164) (0.210)(900)
= 31.0 keal /kg
UM UK 70 BEELE 1,
Ji=F Cpty
= (0.169)(0.210)(900)
= 31.9 keal/ke
by =Jetd5) /Hy
=(31.0+31.9)/(4510)
=0.0139
(5) IREWMBIZ L A3BK L

2i=0&F 5,
(6) KA F—%h= g
n=1—(+0+0:+ 0.+ 05)
=1—(0.1131+0.0304+0.015
+0.0139+ 0.0)
=1-—0.1724
=0.828

A-1-3 BERZEBIRE
1) BplEEE
BEHEEE BIZRR It L 0RO 51 2,
7H,
G=14000 kg, h
12 =752.9 kecal kg (at 24 kg e, 360°C)
i1=102.0 keal kg (at 1027C)
n=0.828
H; =4510 keal kg
(14000) (752.9 —102.0)

B:

B= (0.828) (4510)
= 2440 kg, h
2) HEIX
(N &)
LRHEE B =2400 kg h
ZRE BAP,, = (2440)(5.59)(1.293)
=17636 kg, h
BARE G =214000 kg, h
(t #)
HEH URF BF, = (2440)(0.164)
=400.2 kg, h
U H URIF BF = (2440)(0.169)
=412.4 kg, h
e A = (2440 +17636)

—(400.2 +412.4)
=19263.4 kg /h
KER G =14000 kg, h
HohA-MENZTETEDIERDEIICE
3

A B kg, h %
f 2440 7.2
5 17636 51.7
7K 14000 41.1
34076 100.0



i B kg~ h %
& i Uk 400 1.2
FOH U ReT- 412 1.2
HeA 2 19264 56.5
IRFER, 14000 41.1

34076 100.0

3) (R#E & (RBUATR
(1) WEE & 7Y —F— Fliisl 2{EH
BRDIEL Cpe

Cpe =(0.30)(1—0.056) +(1.0)(0.056)

=0.339 keal kg

Qeco = BCp; te
= (2440)(0.339)(10)
=0.8x10* keal /" h

Qa =BAC;.t,
= (2440)(5.59) (0. 318)(250)
=108.4 X10* kcal /'h
T e DERBESE Qbeo

Qu. = BH,
= (2440)(4510)
=1100.4%10* kecal /' h
hoE i LR T D8RR Qe
Q. =Bl

= (2440)(31.0)
=7.6x10" kecal /h
O URLTF O BEEL Q;
Qi = Bd;
= (2440)(31.9)
=7.8 X10* kecal /h
A ADIT Y 7L — iy
Fig. A-3 £ 0 900° Cizk I A &84 &
-7,
igr =246.2 keal kg
P A DEAEL Q.
Qe = BGyyie
= (2440) (7.87)(246.2)
=472 .8 x10* kecal ~h
K& H LRI T O BRBESL Q.
Q.= BJ,,
= (2440)(26.6)
=6.5X10" keal kg
RO LB T DOBEBEZL Qu
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Qv = BJus
= (2440)(37.9)
=9.2%x10" kecal /h
B 2D COMEFE Xeo
Koo =0.004 ({KE)
BEA A DBBRER Q,,
Q,, = 3035 BGqg X,
= (3035)(2440)(5.98)(0.004)
=17.7 X10* keal /h
HEL Q.
Q,.=BH, 4
= (2440)(4510)(0.015)
=16.5Xx10" kecal /h
WHEE S 7YY — K- FICHT 3E8HE(Qu+
Qe RO LIk 5 5,
Qs+ Que= ( Qoo+ Qat tho) —(Qec+Q;+
+ Qet Que + Qo+ Qg +Q.0)
= (0.84+108.4+1100.4) x10* —
(7.6-+7.8+472.84+6.5+9.2+
17.7 +16.5) x10'
= (1209.6 —538.1) x10*
= 671.5 10" kcal /h
7Y —F— Flikl 2{EHRE Qy
T) =R Filki 2ERBIEIROH UK
FrhOBEERESOBBRARBIIEL VLD
LGET %,
Qu=8100B1 ¢ C 0 X,
= (8100) (2440) (0.505) (0.281 ) X
(1—0.0985)
=252.8 X10* kecal /' h
BB IZ B AEHE Qp
Q= (Qus+ Q) — Qu
=671.5x10*—252.8 x10°
=418.7 10" keal,/ h
MEIRE 2B S RIEERRE U
AFIKOFEIRE - BT 2 B EEYREIL,
ARADRMEORE LA THZ LT,
Fig.5-11 A 5B 900 °Clz it 218 & 5
HE Do
Up =250 kecal / m’+-h-°C
J£/124kg / em®2 B3 3
BORZE IR E =220.8°C
TEIE 12517 2 FEREE Aty
A tnp =900 —220.8
=679.2 °C
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FERE 12 B SRELERE As

_ Qu
Ag = Us & ths

_ 418.7X10*
— (250)(679.2)

=24.7 m?
(2) BRATEEIIHT A{ER
ZELR/ONDARE t,,, =10°C
LZAOAOIBT 207 W E— i,
fanr = (0.241)(10)
=2.41 keal kg
ZERD U R tar: =250 °C
ZEEOHOIIET LY §— V¥ — i
ip= (0.245)(250)
=61.25 kcal kg
ERTFEIR BT 255 Qu
Qu=BAp,, (hmz +1aA1)
= (2440)(5.59)(1.293)(61.25
—2.41)
=103.8 X10* keal /h
ERTEIZIET ZHBEEERE U
Peh A L BROTHTERE VT E Om/ s
LIRETHUE, Fig.5 1445
Us =12.5 keal /m’-h-°C
B A OO te,, =260 °C
A AOHDII BT A2 v I V-,
iga,=67.0 keal kg
UM UKT 28 OHEY AR G,
Gg = 19264 +412
=19676 kg, h
YA ADADBRE R ten [C], AT RO
A HT ALY ¥V E— & g keal /kg]
T i, BNE A S RRAES N b
Q‘LA: Gé (igAl_iS‘Az)
103.8 X10* ={19676) (iea: —67.0)
igas =119.8 kecal kg
Fig A-35 5, iglixtic T 284 A D AH
BIE tem BFEA L B0
tgar =459 °C
7S TR BT A FEHREZEA tna
Aty =tgar —lasz
=459 —250
=209 °C
ANt =tgaz — laar
=260—10

=250 °C

Aty —At
In (Dt MNt)

250 —209
In (250,7209)

= 229 °C
212 3 BRI A

__ %Qu
m'_mAmA

Ath:

(1.35)(103.8 x10%)
(12.5)(229)

=489.5 m’
(38} /=AW —lklT 258
Pe z@)\D{me tee =900C
HEFTAOAOWET ATy ¥ VE— iy,
igz1 =246.2 keal kg
PEA A DGR e, =459T

HEAZDOHWOW BT AL v 7 I E— gy,
gy =119.8 keal kg
I3/ v AF=1IETAEHRE Qp

Qe = Gg (1gE1 _lgEz)
= (19676) (246.2 —119.8)
=248.7 X10* keal /'h
RN T LADIEIKDIKE
FHBARBRIIFERE GEEL W,
FEIKIRE typ =1027T
BIRDI Y ¥ ¥ — iy =102 keal /kg
koo =4 F—-HOHT2REL
twee [°CJ, T ¥ &Y — % iy, [keal kg]
ET UL, Bl LS RAPELN S,
Qe = G (iygz —iwer)
248.7 X10* = (14000) (iyg, —102)
iwgz =279.6 keal /kg
FERED 5, 24kg/ ot OEIHIZERORE
12221 CTHY, TORMEREFEIZS
ZEROIY ¥ L —12226.1 keal /kgT
A, —F, BRAEROTLYFLE—IX
669.3 keal /kg THHDT, HRF T LN
ORAIEAEEATIRETH S, LAY
ST, BAROWIEE 1,6 $221CTTH
A
/v f F—1os T ZREEEEE U
Heh A DFIGoE & 5.6m /s& L, {Z 3L
w OFtEl & TER LT hd, Fig.5:135 0



KOBEHFESN B,
Up =22.7 keal /nf-h-C
T w42 E T B EEREEAN e
Atl =tgez —twe:
= 459 — 102
=357TC
Atz: thl — twre
=000 —221
=679C
At —Aty
In (At /D th)
_ 679357
~ 1a(679,7357)
=501
T/ w4 F-ick Y SRR Ay

A‘tmE:

o
AE — QtE
Ug Atne

- (1.35)(248.7 X10)
- (22.7)(501)

=295.2 m’
4) 7Y —F— Floki 258
T —FR— NIl AREE Q
Qur = 252.8 X10* kecal /h
7)) —R— Rl HT 2SR Us
7)== FOERE % 90T &4,
Fig.5-12 %9,
Ur =61.5 keal /m’-h-TC
T — - Ntk 2 EHEEE Aty
Atnr =900 —221
=679 C
T —FK— FIIE 2(EREHE A

_a Qty
T Ur Aty

Ap

(1.35)(252.8 x10Y)
(61.5)(679)

=81.7m’

4) BN
(NEL)
TR DR Qs
Qeo=B{Coeo (1 —=Cuo) +Cpw Cuol too
= (2440) [(0.30)(1 —0.056) +
(1.0)(0.056) ] (10)
=0,8X10" keal /h
ZES DU Qa
Qa = BAPso Cratao

(95)

= (2440) (5.59) (1.293) (0.243) (10)
=4,3X10* keal /'h

Qy = Gu
= (14000) (102.0)
=142.8 X10* kecal /'h
FiRORBE Q.
Queo =B H,;
= (2440)(4510)
=1100.4 X10* kecal /h
EANEE Qo
Qr = Qeo+QatQw+Q,,,
= (0.8 +4.3+142.8+1100.4) xX10*
=1248.3 X10* keal /'h
(H12)
P Az & BB (Qet Qug)
(Qg+ng) = BG\\ig+ng

=(2440) (7.87)(67.0)+(17.7 X 10%)

=146.4 X10" 'kecal / h

REB UKL R A (Qo+ Qo)
(Qe+ Que) = BIc+BJie
=(2440)(31.0+26.6)
=14.1 X10* keal /h
FUHUETIT L5 (Q+ Qi)
(Q,+Q,) =BJ;+BJy;
=(2440) (31.9+ 37.9)
=17.0%10* kecal /h
BAFEFIT L A B Qs
Qs = Gy
= (14000) (752.9)
=1054.1 X10*keal /b
HEE Qra
Qra= Q—( Qe Qug) —(Qet Que) —
(Q;+Qu) —Qs

=1248.3 x10* —(146.4 +14.1 +17.0
+1054.1) x10*
=16.7 X10* kcal /h
PLEDBPRFZZ DAL KRDEIIIE B,
ANEL keal /h %

T DEREL 0.8 x10* 0.1
ZE R D EEEL 4,3 %10 0.3
7k ) BREL 142.8 X10*  11.4
LIRORBEHE 1100.4 x10*  88.2

1248.3 x10*  100.0
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Hi#k keal /h %
BE#r A1 &k A Mk 146.4 x10*  11.7
RE i URTIC & 5 H304.1 X140 1.1
ROH URFIC & 5 HE17.0 X100 1.4
ReFGIC L AL 1054.1x10°  84.5
T gk 16.7 X10* 1.3

1248.3 X10* 100.0

Al-4EBDTE
1) wmEfE

WEBRNOERERIE, TRNTENICKE
5@%%ﬁ~$5%@&b,k@$7&ﬁm%
BLHDET B,

MEEONEIIEFHT, EE3.0mTH 5
{REEREIZ DV T, B Dro0.0486m, B S
3.0m, EEHIZE Y F Les0.15m DT BIEIELHI T,

SEGE A b ER T ERE COMBEH; 0.3m,
ERE LA HRENE L% TOMBE Ho0.3mT
H 5,

AR Gy

Gv=< BG, )( 273.2+ts>
3600 273.2
(2440)(5.98)(273.2 +900)

(3600)(273.2)
=17.41 m' s (at 900°C, latm)

ﬁlL@J’ftﬁ Zfﬁf‘l‘j W g
Uog =2.14 m s (at 900 C, latm)
RENE ORTHEE A
Gy
ATB: Vo
=(17.41) /(2.14)
=8.14 nf

(28 1 RO EIAETE ame
ayg = 7T (0.0486) (3.0)

=0.458 m’
TRELVE DR nye
=(24.7) /(0.458)
=53.9 — b4
{ZEmEEES Ths
= 27 Dpo
TV 3 0w

(2)(3.142)(0.0486)
(1.732)(0.15)°

=7.84m"/m’
{ZEVETE DA Vos

Ve =

Tus
=(24.7) /(7.84)
=3.15m’
{EEERDOTR S Hes

=(3.15) 7 (8.15)
=0.39 m
HENRE D25 Hey
Hyr= H, + Hiyp + Hu
=0.304+0.3940.30
=0.99 m
FA 5 —FKEDE X Hioiter
Hupoiter = Hpr+Hp
=0.99+1.5
=249 - 25 m
2) T3/
T/ v AF-0FFFIHZD, RDLIE
ZERFET S
HeH ADH ADOFE U & 5.6m s, #F87KD
HEPNFOE Uwe % 0.85m/ s & T B,
EBERIZOVWT, BEOPWE Dek 0.0508m,
447 Dpo % 0.0699m, £ & e % 3.0m, AE X
¥y F 0, =200 IEZABESI & T 5,
ZEERO LTI, 2REFR0.5mD7 YT
SYAEL D,
HBARE G

o= (14000)(107°)

3600
=0.00389 /s
{ZEVE ONHTER S
4
Spi =T DP21

= (3.142)(0.0508)* 7(4)

=0,002027 nf’
BAROA TR n,
G
Spillwe

__ (0.00389)
~ (0.002027)(0.85)

Np=




=2.25 — 3R

DEFE Ne

A
EDPO lpE

(295.2)
(3.142)(0.0699)(3.0)

=448 .1 — 449K
ﬁtﬁ“z?ﬁfiﬂﬁ@&ﬁﬁ%mé I'se
(J—/Z)szo/ {3/2-~m/8) Dio
=4f/ (4./3 —m)
=1.829
Hed 2 OF YR .
_tEE1+th2
EE — 2
= (900 +459) 2
=679 °C
HEH A DS H AFHE G

~ _ BGg
GVE_( 3600 X
_ (2440)(5.98)(273.2 +679)

(3600}(273.2)

(ERED

Ng:

273.2 +tex
273.72

=34.13 m' s
ra/) <4 ‘H‘—@H‘ﬁﬁﬁg Se
SE: rsg EVE
uSE
= (1.829)(14.13) 7 (5.6)
=461’
L4 /7’{ *f—ﬂfll% Lb}_’
Lu=-7%-
PE
= (4.61) /(3.0)
=154 — 1.6m
REVE DR 5 U Nop
NhE= ILE
bE
(1.6)
~12)(0.0699)
=11.4 — 114
REE DRHER 5 UFE Nog
Ng
Nyp=—f_
vE NhE‘.
= (449) ,/(11)
=40.8 — 414

EEEFHOZ S He

©97)

Hm::% th: NVE

=(1.732)(2)(0.0699)(41) /(2)
=4.96m

I3/ wAF—OEE He

3)

EREBHOSRIIILETO 2 )77 v A%
Z 3.

He= H, +(2)(0.5)
= (4.96) +(2)(0.5)
=5.96 — 6.0m
ZER T #his
ERTHGBOHFH D, KDL LRE

zHELLDLET B,
EHEQTHREGEERHL, 2% 25T

mEICERNEGRL

, EREHPETR

ﬁ%tﬁthﬁﬁéﬁéo

B DFYIFE Uan & HeH A @?i@?ﬁﬁﬁg,\

%L<L,%hfﬂ9ﬂm@&?éo
BEVEDONE Dpi % 0.0341lm, A&E Do %
0.0381m, BEE L TEFEN & T3, B8 TE

2D ETIZ,

£ b,

He# A ORI €,

T Teas ‘gtgm
= (459 +260) (2)
=359.5°C
HE A A D EME%E Sea
Sm=:< BGeg )( 273.2+tgs
36000 ga 273.2

_ (2440)(5.98)(273.2 +359.5)
(3600)(9.0)(273.2)

=1.043 m’
REE D RAEN,
4 S,

7D},

_ (4)(1.043)
~ (3.142)(0.0341)*

N,=

=1142.1 &
ZhE, FIFEAFFEOmIEC
(1142.1)%=133.8

IRZEET

3

EFNEFNOEMmDI) TS A%

1H %344 & U T34 T BEEHNZ+ g

Ny =34 X34
=1156 #

BeHld 2L,

»
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EEEDES 1,

lpy =5t
Pt 2w Dy Ny

_ (489.5)
~(2)(3.142)(0.0341)(1156)

=1.98—2.0m
ZESAARITRE O i & Haa

1
Hau= ZA

=(2.0) 7(4)
=0.5m
TR D PR ta
T taan 14
t“:ﬁ,%
= (10 +250) 7 (2)
=130 °C

EROBTMIEFE S,aa
o BA O\ / 273.2+tas
1=\ 73600 m,, )\ 273.2

(2440)(5.59)(273.2 +130)
(3600)(9.0)(273.2)

=0.621 o

1 — S&A
4 34 Haa

__(0.621)
— (34)(0.5)

=0,0189 m
ZRTFELAROMEE Ly,
Lya=34(14, +Dpo)
=(34)(0.0189 +0,0381)
=1.938 >2.0m
RO KI5 DE S L
_ San
Ly
=(0.621) /(2.0)
=0.311 - 0.3 m
ZERTEIEDORIT L,
L,,=34(1g+Dp) +2Lra
= (34) (0.0189 +0.0381) +(2) (0.3)
=2.54 > 2.6 m
ZERTHEBOE S Hy
ZBEORSICETO )77 v A%
%o
H, = lpa +(2)(0.5)

L

=2.0+1.0
=3.0m
4) H AGEEE

TENE TR R IR EA T AT A I DT,
KDED BEER L THEEFTI0

HAGHEDRIR X v v 7RE L, Fxv
T OEFE Doap® 0.0763m, v F #1.65Doap
DIE=AFEF & T 5,

AAREN LAOBEOE ro- 20.032 L,
Fro P 1EOTAREL LD nor & 1218
LT A,

BTFORERLEZ3n’ 121 ROEEGTHE
L, 20%%%0.0763m & + 5,

F vy TEHHDE v F Loap

feap=1.65 Dgap '
=(1.65)(0.0763)
=0.1259 m

Fooy T 1FRYD OBEETE Scar

—JS:QZW
=(1.732)(0.1259)* (2)
=0.01373 nf

F vy TOEEY Neap

ATB

Seap
=(8.14) /(0.01373)
=592.9 — 593 4

7AW E L ILOTE do

Scap ==

Nca.p:

i
Tor Asp :74_ dgr Nor Near

(0.03)(8.14) =(3.142) (12) (593) d2,/ (4)
d2,=4.37 X107
dop == (4.37 X107%)%
=0.00861 m
A% 6.5 mm& T UL, BT, 130,029
L5,
e LEDAE N,
Arg
3.0
= (8.14) /(3.0)
=2.71 — 3%k

Nwd =

Al5 EF&d

WEIREER 4 7 — OBGETEIIC L A BARFHFTOH
EEEMAMIIRT I, BRI L WO N
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Table A-  Results of design calculation for a smail scale fluidized bed combustion boiler.
1. Steam 8. Elutriated particles
Evaporation capacity 14.0 t/h Elutriation rate 412 keg/h
Pressure 24 kg/cm® Temperature 260 — 900 C
Temperature 360 C Unburned carbon content 2.77 %
2. Boiler efficiency 9. Fluidized bed
Boiler efficiency 82.8 % Bed temperature 900 C
3. Feed water Cross fsectional area 814 m*
Temperature 102 C Bed height 10'm
Freeboard height 1.5 m
4, Fuel (Coal}
Coal feed rate 2.440 1/h 10. Hea.t.transfer surface
. Fluidized bed 24.7 m?
Low heating value 4510 keal/kg ,
. o Freeboard 8l.7m
Moisture 5.6 % .
- Economiser 2952 m*
Ash 32.5 % Aie b 459.5 m?
Volatile matter 33.9% i heater - m
Size 01—6.0 mm 11. Gas distributor
5. Air gype“ Cap-type
Air flow rate 17.636 t/h ap diameter 0.0763 m
. . Number of caps 593
Air ratio 1.2 A ; Ridd gl
Temperature 10T P.rrz;ngement of caps ight triangle
Preheated temperature 250 C e . 0.126 m
Fraction of open area 0.029
6. Flue gas Withdrawing pipe
Flue gas flow rate 19.264 t/h Pipe diameter 0.0763 m
Temperature 260 C Number of pipes 3
7. Withdrawn particles
Withdrawn rate 400 kg/h
Temperature 900 C

Unburned carbon content 2.0 %

HEBER A 7 —DEE 21T o ZOBROE
IO THRT,

AHD% Table A1 |

WIEDER

TERBI MR R A 7~ OBE L IZITEFETHY, X
DEHEFIETHELED 3,

FECIX, TEIBEERA 5 —DEEHINELZFIED (1) FZEtEhoHE
FHEBLNTWENOT, BiohTRL 2 (2) Z=ERUBEHEA AR ZF NS5OV I
£, ELOMERREL TRHELED 2 TN -
a5 B, 2R LARFHAO R A TCHREL (3) sEfEE L R4 5 —5hE
PAEDHIZE, FOEYEFHSIZHED SNT (4) HrEi% & ¥
WELEDL DY, ZOMFIIY - TIEEEIY (5) BN O BT
BTh B, (6) fAFEIREMAE, (ZELER U(EHMHE
(7} KA T — Ak L EBHERFOTIE
A2 2BNTENRBER A 5 —DREHE (8) T/ <wAHF—ptik
2 BOiBE (- & A MREE S, BMsERhE o L, (9) | PEBRO~FE:
NOx& i B DAL, RAEMEL SioFEh %
FREBOHMLWAROBSEREL LT, WHETX A21 mEtas

BT ERES ABIIEWTRLA, 22T, 2
BOREIRIR AR A 7 - OME A2 Z D BRL T 520
i, BEHNIOMWIZHB T 38 I -0 HAK
MIEEEEEE 2 RS, FOFIEESZFHER2RL,
INLIZDVWTHETOEELIZ 5,
EHALFOFETIEL, §E ALIZE L 2/

1) FEhaatas
ET AR, 79— LT FigASIIRT L
I 7% 2ENHREIRERA 5 — % MEL, 20Fx%
REtEG R RO L IITHRET %,

1} #E=EE 30 MW
(2) BAHT CoOHEGHE 35 %
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(3) & (GABER) JR 5y 32.5
£ 120 kg/cnt i H 44,5
g 550°C Vi 4,2

4) Fx K 2 B LrES 12.7
AR E 20 °C 2R 0.4

(6) ZE=R il 0.084
1RZERM 1.0 T2 HriE wt %

2 RZER M 0.15 RG> 5.6
HigEE 20 °C IR 5y 32.5
T Eum 250°C S 33.9

6) #a7k (17 R 28.1
eI 110°C SN FEEE H, 4, 680 keal kg

(7)  BrmeAl B #zE H
HiaRE 20 °C H =H, —5200(H—~0/8) —600W
Ca,/SENI 4.0 =4680 —(5200)(0.042 —0.127 /8) —

8) HEA A (600)(0,056)

PelaE 150°C =4, 510 kcal / kg

(9) MAEFHRAEEER 230 kg/m’- h W% E kg,/m’

0 ez A 1, 580
TG 5.0 m ARk BRTF v —) 1, 460
TERE 850°C BRONESE
BRI 850 °C Bisy Rt R
{EEVESME 5.08 cm FEmm HEEEE%
EEmEOES 8.2 m’/m ~0.088 5.8

2) RROEESME ~0.105 6.8
KPR 2 54 ~0.125 8.9
JCE S HTE wt % ~0.149 11.2
Ror 5.6 ~0.177 14.2
Flue gas
| Steam drum __§ Separator to Stack
] 7 T
S N/ N
& : ! E |
Lime st g | | /5 | \
me s one’ 2nd stage w : { < | : Fine ash
________________ L
; ———rrrrr | .
Spent lime| 15t stage ﬁ} \/ E TTTTAIr
Coal | (Evaporator ISecondar_y i Water
) L air_ '
| Superheater I to Steam turbine
Coarse: ash Primary air

Two-Stage Fluidized-Bed Combustor

Fig.A.5 Two-stage fluidized bed combustjon boiter.
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~0,210 17.9 =5.052 +(1.15—1)(4.656)
~0.250 20.8 =5.750 Nmo' kg
~0.350  30.9 HAADIY 7 LE— i
~0.500 44.9 TEEMBEEIRET %,
~0.710  61.9 kg, kg wt%
~1.00  78.8 H0O  9.0H+W 0,434 5.7
~1.41  93.3 Ne N+0.988 A A, 5.264 69.9
~2.00  100.0 0, 0.30(A—1) A, 0,210 2.8
~2.00 100.0 CO:  3.667C 1,632 21.6
3) RimkdlofEiE s B SC:  2.0S 0.002 0.02
G CRIKE (BRITE) EBHEA A B Gy =7.572 100.02
TSI wt % 800 "Clzkiy 2 &M
Ca0 55.4 Cp, keal kg °C
Si0, 0.30 H:0 0.484 X 0.057 = 0.028
Al Oy 0.08 N, 0.262 X 0.699 = 0.183
Fes O 0.02 0, 0.229 X 0.028 = 0.006
MgO 0.20 CO. 0.253 X 0.216 = 0.055
SR E 43.6 SO; 0.174 X 0.0002 = 0.000
GIREG 1 kgh DB L3 L4y HeH A DT HFL Coe =0.272kcal/kg°C
Ca0% 0.554 B0 CliBH A ANy F VE—1,
CaON%FH ~ 56.08 = Cots

=(0.272) (800)

=9.88x10"" kg-atom/kg
=217.6 keal kg

BIRE DOREES A FHRICL THOBEE IR 2y 4 L1,
sy B AE R FRDIAER, WIEHEIELACRUMEAES R
KfEmm EEEE % 20T, UTOMETIEFigA2OEL2EHT
~0.210 3.2 %o
~0.250 4.7 2) TBRIIBU 28 A DEEE
~0.35  12.8 TEROERH S AR G
~0.50  28.9 IREGOEZRILAL=1.0THI20T, B
~0.71 49.7 HETAE Go TIEfHl T 5,
~1.00 71.5 Ger = G,y
~1.41  95.0 =5.052 N’ kg
~2.00 100.0 i DBRBEE 7, =230 kg, m? -h
TR BT 2RELA A DIFHEE U,
A-2-2 KRAF—%=FE T 1
1) EEBLHAARROPAADLY 7 L E— tot = Tes Gg‘( T, X 3600 )
RIS U 7-EtEE LD 250 4273 1
mAHmIER 0, =0.978 Nt kg =(250) (5'052)( 273 X 3600 )
MamESRE A, =4.656 No' kg —1.33m/s
EIFERE = 1A,

=5.354 N’ kg Fig3: 9k, u,=1.33m/ sl2Hi+ 2
RS A E G, =5.052 Nm' kg RARRO L U LEISIR64 %
FEEHEH AR Gg = G, +(A—1) A, TRIKDOIEE R LEIAIZ36%
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4) BABERhER

Fig.3-12 L 9, L =1.15, t, =tp,=850°C

HRBEXIEE 7,=98.4 %

5) REH LUIKFbORBRES
Fig2-53L9,A=1.0, ts=80°COE» 5

0.9% — 0.009

6) TEA 5 EBRICBE T 28R b0 R

RE 5

5) rEMIZL T, 18%—0.18

7 KA T

(1} e 248% 0
HEAADT Y& LE—]

TERAFTERBOHOEE t,,, % 150°C ¢ ThiT

JE = GEW ig.\z
=(7.57)(37.0)

=280.1 kecal “kg

TEHOLY YV — Ju
Jao=ACpata

=(5.35)(0.312) (20}
=33.4 keal kg

Jg"Ja.o

,01: Hl

=(280.1—33.4) (4510)

=0.0547
(2) RERIEE 4

MRIEZDEE 17, =98.4 %

Ezzl_”c

=1-—0.984
=0.016

(3) BBhiik 4,

BEGEGNT. Y F - i

BEIEH 120 kg ot

ZLULE 550 °C

i,=832.7keal kg
MAKOTZyZILE— 1

FEIRIEE 110 °C

iy =110.1 keal kg
EREE G

whHH S 30 MW

RF L EDOREHEEI% & WET

5E,

(30 x10%(0.860)

G =1

= 91.55 X10° kg/h — 91.55t/h

Fig.5.10 » 65tH &> T

0.39)(832.7—110.1)

£,=0.0069
(4) FriBRIT-OREEEL 4
HIRDIAFEE Jeo
Jeo= Cyeoteo
=(0.339) (20)
=6.8 keal kg
ROEH UK T & RER LR TOEIE
Fig.3-9 %1, u,=1.33m/ slz&l} 3
ROUH LEIE £,=0.64
HEHL LEE 1.=0.36
WEMUKNTETF,

fc Cao
== (358

=(0.36) (0.325) /(1 —0.009)

=0.118 kg kg
HWE LR T OME I,
Jo =T, Cpctc

= (0.118)(0.210) (850)
=21.1keal kg
hx UK FOFRBIBR 3L I,
WE LR T ORBE S Celd0,009
Jy. = 8100 F, Cq
= (8100) (0.118)(0.009)

= 8.6 keal kg
U LKA DARBEIBIR 2L T
be = ,Qz H] - Hc

=(0.016) (4510)— 8.6
=63.6 keal kg

MUOH LBFE ]
— (0.64)(0.325) | (63.6/4510)
—0.216 kg, ke
FOH UL OFRIRKED Cr
_ be
Cr = 5100T,

=(63.6) ,[(8100)(0.216))
=0.036 — 3.6%
ROH Uk FOBERE J;

Iy =F; Coe 1y
=(0,216)(0.210)(150)
=6.8 keal kg

B Al () OfeE F



Fo=(ca/s( 5o ) (522
-0 (%% < )

56.08
=0.0106 kg kg

AR O SRS J
J =F, Cpsts

=(0.0106) (0.19) (20)
=0.04 keal kg
BERH O & Fos

)

=(0.0106) (1 —0.436)

)(1.36 15 )
56.08
=0.0081 kg kg
JEE AR oD BEBLE T o
Jss:Fss CPSS tss
=(0.0081)(0.19)(850)
=1.31 keal ke
LL RO 2 5 Hribobif o BHEES 0,03
FORDEN S,
(Jc+J;

Y/

_JCD> +(JSS_J3)
H,

=(21.1+6.8—6.8+1.31~0.04)/
(4510)
=0.0050
(5) JEEWHEL 0,

T REIE LTL=0
PLEDREEI SR, 5—5h=%7y
DHEH =N 3,

7 =1—(4,+ 4+ 0+ 0+ 0,)
=1—(0.0547 +0.016 +0.0063 +
0.0050+0)
=1— 0.0826
=0.917 — 91.7%

b=

ERRILE

A-2-3 BERZEBRY
1) &4 7 —DWEI
(1) AE
RREEE
BELEE R B
G(lz_h)
»7H,

_ (91.55x10%)(832.7 —110.1)
(0.917)(4510)

B =

(103)

=16.00 %10 kg/h—16.0 t/h
JIL%JT WwE
BF=(16.00 X10%)(0.0106)
=0.17 X10* kg/h
1 REAE
BA1AsLae=(1.0)(16.00 X10%) (4.656) (1. 293)
=96.32 X10° kg/h
2RELGE
BA, Ay pac=(0.15) (16.00 x10%)(4.656)(1. 293)
=14.45 X10° kg/h
fazk &
G =91.55 X10° kg/h

i

NE
=(16.00+0.17+96.32+14.454-91.55)x10°
=218.49 X10° kg/h

(2) HEZ

hei LR T8
BF.=(16.00 %10 (0.118)

=1.89 X10* kg/h
WU LT
BF,;=(16.00 x10%(0.216)
=3.46 X10° kg/h
JEE A Al &
BF,.=(16.00 X10%)(0.0081)
=0.13 X10°kg/h
HEA A&
=(16.0040.17 +96.32 +14.45) X 10°
—(1.89+3.46 +0.13) x10°
=121.46 X10° kg/h

e
s

}JT
fein

G =91.55 X10° kg/h
HE
=(1.89+3.46+0.13 +121.46 +
91.55) X10°
=218.49 X10°* kg/h
TE&@%”*HR&

=(16.00496.32) X1¢°
=112.32 X10° ke/h



(104)

ket LivT&
=1.89 x10° kg/h
FRUH LRTE
FROH URF ORBEES C % Fig.2.5
EVA=1.0, tz=850°COfE &#7k A & 5 &,
Cn=0.18Td %,

=(16.00X10% (0.64) (0.325) /
(1—0.18)

= 4.06 X10° kg/h

TEOHT AR
=112.32 X10° —(1.89 +4.06) X10°
=106.37 X10° kg/h

=(1.89 +4.06 +106.37) x10°
=112.32 X10* kg/h
3) LBeO#HEINE

(1) A&
TE» 5O T2

=4.06 X10° kg/h
Wi mi A &

=0.17 X10°* kg/h
2 RERE

=14.45 X10* kg/h
TEDLOHA AR

=106.37 X10° kg/h
AR

=(4.06 +0.17 +14.45 +106.37)X10°

=125.05 X10° kg/h
(2) i
ROH LRF&

=3.46 X10* kg/h
BB AR

=0.13X10° kg/h
P A &

=121.46 X10* kg/h

=(3.46+0,134+121.46) x10°
=125.05 X10° kg/h

4) TR K
(1) AEL

Bl,, =(16.00X10%(6.78)
=1.08 X10° keal /h
1 RZER O FHEL
BA, AoPasCrata=(16.00X10*)(1.0) (4.656)
(1.293)(0.241) (250)
=58.03 X10° kecal/h
LR DFEBE
BH, =(16.00 X10% (4510)
=1721.60 X10° kcal/h
AEh
=(1.08+58.03 +721.60) x10°
=780.71 X10° keal/h
(2) HiEk
7 &R RO VAR I DITE -
BF, Cpet o=(16.00x107)(0.118) (0.210) (g50)
=3.37 X10° kcal/h
FROH Uk Bzt
BF;,C,.t.=(4.06x10%(0.210)(850)
=7.25X10° keal /h
TEOHES A DEEL
Gewide =(106.37 X10%)(230.5)
=245,18 X10° kecal/h
o DR 0 Bl B
BJbe =(16.00 X10*)(8.6)
=1.38X10° keal/h
FONE LU KLF O Bk
8100BF gy Cr =(8100)(4.06 x10%)(0.18)
=59.19 X10° kcal/h
TEDHe A A DERIFEE
Fig.2-8 6 A=1.012%\T 387 A DB
BEREFSAL DL, 3.3%ThH 3,
0.033 BH, =(0.033) (16.00 X10%) (4510)
= 23.8] X10° keal/h
TERO Fsh
KA T —BBEDR LIUET 5.
0.5 BH, £ =(0.5)(16.00 X10%) (4510) (0. 0069)
=2.49 X10° keal /h
TEDEE
=780.71 X10° —(3.37+7.254+245.18
+1.38+59.19 +23.81 +2.49) X 10°
=438.04 X10° keal /h
=(3.37+7.25+245.18 +1.38 +59.19
+23.81 +2.49 +438.04) X 10°
=780.71 X10° kcal/h



5) hERDEIZ

(1) A%
T 5 OREA DB
=7.25x10° keal /h
JRAER O SRR
=(170)(0.19)(20)
=(.0065 x10° keal/h
2 REES 0 PRk
BA: A Pueta=(16.00x10%(0.15)(4. 656)(0.241)
(250)
=6.73 x10° keal/h
TE» b DHEF A D FER
=245,18 X10° kecal/h
TE D 5 DT OB
=59.19 X10° kcal/h
TR 5 DHEN 2 DB EL
=23.81 X10° kecal/h
N
=(7.2540,01 46,73 +245.18 +59.19
+23.81) x10°
= 342,17 X10° kecal/h
(2) H#
O LT D EESL
=(3.46 %106°}(0.210)(850)
=6.18 X10° kecal/h
JBE R A o) g Bk
=(0.13 X10°)(0.19)(850)
=0,21 X10° keal/h
B 2 D gaB
=(121.46 X10%)(230.5)
=279.97 X10° kcal /h
U UKL D kB Sk
BJy; =(16.00 x10%(63.6)
=10.18 X10° keal/h
HeA A D PRIE L
FTEMBELREL T
=0
LB st
TEOBE RS EL T
=2.49X10° keal/h
LD {52,
=342.17 X10° —(6.18 +0.21 +279.97
+10.18 +04-2.49) X10°
=43.14 X10° keal /h

(105)

=(6.18+0.21 +279.97 +10.18 +0
+2.49 +43.14) X10°
=342.17 X10° keal/h

A-2-4 EKEBEOTE
1) viEE DR~k
AR DBRBESE 70, =230 kg/m’- h
R OBMEE B =16.00 X10° kg/h
TENE ORTHEITE Ap
_B_
Neg
=(16.00 X10°%) 7(230)
=69.57nf
WEE ORIE Ly, 2RO L 3 1IRET 2,
ap=5.0 m
TElE DBLIT Las
A
b=,
=(69.57) (5.0)
=13.91m — 14.0m
2) FRFRIESAREL
(1) ASEEDORIF(EE R Uy
WAL 850 C 1l &\ S MIREABMES L L TARD
ExFERT 5,
TR 12351 B AR BEDFFRIZBMEEL Uy
Uwg =244 kcal /m* h-TC
7 =R =Rl EB W ARG ORI EEEH U
Uwr=53.4 kecal /m?- h-TC
(2) A=Y=t — % — OBEEIEI U
A== — 5 — DIIFREGRE S L TR
ExERT 3,
Usy =173.8 kcal/m*- h-TC
(3) =/ VRV — 9 — DEBIEEEGEE U
TR~ —DIREE & TN THREE R
RBETA3LDET 5, £/, RRIKOEHEIC
BT MBI EEEENL, DIRAOFREREOBE
LA TH S & LT, Fig.5-11 #» 5BE850°C
2B 3EEHS & 20
Uy =245 keal/m*- h-T
4) T3/ %4 ¥ — ORIEEMEE U
HAAOFEEFES 5.6 m s L, {EBE
CESIETFRERETIE Fig5 1359 k0 E
PIFH N B,
Ueg=22.7 kcal/m* b T
(5) TR FEAGZDIGIE(ZEZE Ul

Ay=

WF



(106)

He A 248 & 222 A D T RIFE % 40mm, P A A
EEZODFEEHE TR 9 m s TR,
Fig.5-4 2 o kDEFELN S,

U, =15.1 keal/m** h-TC
3) {n#iE
(1) KSEEDIREE
gy 7Y —R— FESOE
KGR L ARBEZTNRTZ AR —F —

AL, BEESEs 7)) - F-FEsELh
FRROEIIE § bo
TEORHE S Hp,=1.2 m
TEO7)—-K—-F&E&E H,p=1.0m
BB Heu=1.2 m

LBO7 ) -K—FEE Hp=2.5m
IKIEE DR AR

TR D A BE DL EAE TR Awy
B N O{R R Avie
TRENE DG Ly

Lps=5.0m
BN DYAT Loy
Lag=14.0m
Ay = ( Lyt LaB) Hg:
=(5.0+14.0)(1.2)
=22.8 m
7 ) —F— FOREETE Ayip
Ayir =(Lys +Las) He
=(5.0+14.0)(1.0)
=19.0 i’
Awr= Ay +Awir
=22.8+19.0
=418 m’

B O AREE DR EEFE Awu
WEIRE OEFAETE Avus
Avus ={Lis +Las) Hrg

=(5.0+14.0)(1.2)
=22.8m

7 1) — AR — FOREHE Avur
Avur ={ Lz + Lag) Hru

=(5.0+14.0)(2.5)
=475 m
AWu = AW\JB + AWuF
=22.8+47.5
=70.3 o’
TEEO AR L ARHE Qun
WEENORELE Quns

Quwis = Uws Awis (tp— ty)
=(244)(22.8) (850 —323.1)
=29,31 X10° keal /h
T —F— FOZEE Qunr
Quwrr = Uwr Awir (t gl tw)
=(53.4) (19.0) (850--323.1)
=5.346 X10° kcal/h
th = QtWIF + Qtwu"
=(29.3145.35) x10°
=34.66 X10° kcal/h
B RSEE N & A{EELE Qe
mEE N OIREE Quus
Quwur = Uwe Awun (Tpu — ty)
=(244) (22.8) (850 —323.1)
=29.31%10° kecal/h
7 1) — K — FOIZEE Quius
Qiwar = Uwr Awur ( Teu — tw)
=(53.4)(47.5)(850 —323.1)
=13.36 X10° kecal /h
Quwu = Qiwas + Quwur
=(29.31+13.36) xX10°
=42.67 X10° keal /h
R BEDRELE Quw
Qv = Qun1 T Quwu
=(34.66 +42.67) X10°
=77.33%10° keal/h
(2) A—s8—b—%—DEHE
£ 1120 kg/cnt’, L 550 °CIZ 51T 2B B
SOOIy INE— i,
i, =832.7 kecal /kg
[T71120kg/cn’” OEIFIZFR DR tws& T ¥
ZIL i,
tws=323.1°C
ig, =642.2 keal/kg
EHFEG
G =91.55 X10* kg/h
A—2%— 2 — & — DILEE Qisy
Qur =Gli, — 1)
=(91.55 X10%) (832.7 —642.2)
=174.40 X10° keal /h
(3) T /SR —-¥—DOEME
LB TEOESEBOMIE, A—/1-2—=7F
— DAZEAE Quop, AGEEDEAR Qu R U T/ R
L— ¥ —OEEE Qu DHNIZEL VDT,
Qusu T Quw + Quv



=438.04 X10° +43.14 X 10°
=481.18 X 10° kea 1/h
TR — % — OEFE Qu
Quw =481.18 X 10° — Qusy — Quw
={(481.18 —174.40 —77.33) X10°
=229.45 X10° keal /h
4) o/ F—-DEERE
WAL ANDEEE Q
Qs=G(i,—1i,)
=(91.55 x10%)(832.7 —110.1)
=661.54 X10% keal /h
IO/ A F-DERE Qp
{K,.\\;EF; Qs & Qm, Qtv, Qtw; QtsHO)FBEH:/
AT B
Qs = Qu + Quw + Quwv + Qusn

L7245 7T,
Qe = Qs — Qw — Qaw — Qus
=(661,54—229,45—77.353—174.40)
X10°

=180.36 X10° keal /h

(5} ZERTFHREDZEE
= G

HE
A K
Pﬁwm X

a

Ga =BAAp,,
=(16.00 X10*(1.15)(4.656)(1.293)
=110.77 X10° kg/h
ZBEDOADRE t o0,
tan=20 °C
HEOANAL Y ¥ V=i
laar= Coatan
=(0.241)(20)
=4,82 keal /kg
EROMIEE t,,,
tars=250 °C
ERDOHAZ Y 7L — 144,
lagz=Cratan
=(0.245)(250)
=61.25 keal /kg
ERFEEBIIH AEHE Q,,
QtA: Ga (1 laar — 1a,xz)
=(110.77 X10°)(61.25 —4.82)
=62.51 X10° keal/h
4) {RELEE
(1) APBED (R BT
EREOFAIZ BV TROZEFELS AT
%

(107)
TERENVE O/ BED(RBLETE Awis

A =22.8 o
TE7 Y =R — ORI DIRE Eﬁ%ﬁ Awr
Am:m.o -

FEOREE QARG EEDREEE Avas
Agup=122.8 m
LT ) =R - FORKGBEOIREETE A war
Apur=47.5 m’
A EEDRELMTE Ay
Ay =AyptlwrT Agus T Awur
=22.8+19.0+22.8+47.5
=112.1 nf
{2) A —I5—-v — & —Ofnami
A8 & = DAZRBEAE Quen
Qsp=174.40 X10° keal /h
BHE QuPE L5, A—si—k—%—&
TEROFBHENIIRET SOFMELTH D,
A==t — & — DEFER BRI Usy
Uy =173.8 kecal/m?-h-TC

TPHREEZE A twen
Nt =850—323.1
=526.9 °C
At =850 — 550
=300 °C
_ 526.9—2300
Albmon= 1 (526.9,7300)
=402.9 °C
A—r8— b — & — OZEERE A
— QtSH
Ao Usn £ tsu

__174.40X10°
(173.8) (402.9)

=249.1 m’
{3) T/URL — % —D{EHETE
LERIZ B 2{28E Q. & RERIC
BED{ZELE Quwuld
Quu=43.14 X10° kecal/h
Qwy —42.67 X10° keal/h
HFOEITIZIFELWOT, HEBEOHEHER
i, BERERAFAET, 29K —0
{Ki’{lﬁ:ﬁ? FETEOFRHENIZIZTHAT LD
EF 5,
INARL— ¥ —DERE Qv
Q,,=229.,45 X10° kecal /h
TR L — ¥ — ORIEREMRE U

BT 5 KE



(108)

v =245 kecal/mt+h- °C

EEREEZE Aty
A tay=850—323.1
=526.9 °C
ISR — % —OEEETE A
_ Qtv
AT T A by
_229.45 X10°_
(245)(526.9)
=177.7

{4) T o/ <4 F—DO(EEEE
WAoo <4 HIRE
FEYEENE A S DHET A L TRUMH L
T DBE S
=279.97 X10°+6.18 X10°
=286.15 X10® kecal/h
ITa/ v A - EOHEFALRUEL
BL-0) BHEL
—=286.15 X10° — Qe
= (286.15—180.36) X10°
=105.79 X10° keal /h
HeH 2D s w4 — BOWRE terld, &
BEIZOWTHH A EROH LK FOBESMEE
WL, BB X-> TR 3,
JHEE 200 Tl d 1T BB
=(121.46 x10% (51.1)
(0.210) (200)
=63.51 X10° keal/h
IELEE 400 *ClzF 1T B EBHEL
=(121.46 X10°%) (104.3) +(3.46 X10")
(0.210) (400)
=129,59 X10° kecal/h

ters =200 (400—200) X
{(105 79 —63. 51)><10}

+(3.46 X109

mm

=200 +128.0

=328.0 °C
ZER TR 5 O AL RUIL
k-0 BE B

=47.63 X10° keal /h
ERTRBIAZPTEN AL ROEHL
KT O HE#

=47.63 X10° 4+ Q,,

= (47.63 +62.51) X10°

=110,14 X10° keal /kg

ERFHREICADIHEA ZADATERE ten & tews
LEAEICL TR, ROEAES N,
tear =341.1 °C
monites Eteam i EELWVWEDELT, €
5D & HERT 5,
teps =tea =(341.1+328.0) /2
=336 °C
T3/ 7AW DEHE Qu
Qux=180.36 X10° keal /h
23 A - DREREEGRE U
Ug=22.7 keal/m-h°C
FEREZE Atme
Aty =1gm — twn
=335—-110
=225 °C
Dty =lap: — twee
=850—323.1
=526.9 °C

526.9 — 225

A lny=T7556.9 7225)

=364.8 °C
T3/ % A — OIREE A Ac

_ Qg
A=A tme

~(1.35)(180.36 X10%
T (22.7) (354.8)

=3023,2 m

(5) ZERTHBOEEMTE

LR TFHRBDEHE Qu,
Qu,=62.51 X10° kcal /h
S8 T BRSO RFE IR MR EL Ul
Ua=15.1 keal/m’-h-C
TFERRIEZ A T
Dty =tgar —

taar
=150—20
=130 °C

Dty =tear— tans
=335 —250
=85 °C

130 — 85

2 b= 17730 785)

=105.9 °C
ZER T EAAS DIREMERE A,

aQy,

A= UnD tma



_(1.35)(62.51 X10°)

(15.1){(105.9)

(109)

TEROMER O S Hy,
Hpy= H, 4+, +H,

=5277.3 m' =0.34+0.75+0.3
(EABIR O ERR & TableA- 217 % e

EHTET,
5) KA T—FREROFS
(1) TEROWHEOEX

ZOEE, FIFELZL2mE FIEE LW
DT, FPHEZRET 5.
Hp = (1.35+1.2) /2

LEATEAE Awm =1.3 m
Ag= Agy + Ay (2) EEROWEEDOES Hpo
=249,14177.7 BRI HELFHENE S L L T0.6maIRE
=426.8 o' T3, g, MEEOLTIZZNTN0.3mD R
HBE QW Ag WaErE 280271,
As =69.57 ' Hpp=0.340.6+0.3

ZEEBEOEE s
rpe=8.2 m /o’

{REVEHEATE Vo
Vo= A/ Ths

=1.2 m
3) 7)—FK—-FDEs
TERELEBOTY K- FOEEE, TnE
RO EIREL 72,

=426.8,8.2 TED7 ) =A- FO&HS Hi
=52.05 m’ Hei=1.0 m
BRRETHOE S Hy FEO7-R-FOFEE Hpy
Hy=V, Ay Hry=2.5 m
=52.05,89.57 (4) FA 7 —AKEFEOEE Hyger
=0.75 m Hboiter =Hp,+Hp+Hyu+Hey

7 AGTEE A 5 (RERETE O T b £ TORRE H;
CERED LE A 5 URENE LI E TOMBEH, 7,

FNENRDEIIIRET Do
H; =0.3 m
H,=0.3 m

=1.3+1.0+1.2+2.5
=6.0 m

6) NEXEENE OEEERF

{ZEE DIMED, 0% 0.0486m, HE & 1,4 5.0 m &

L, F=AREOTBEIITRETS8DET 4,

Table A-2  Conclusion of heat transfer for a two-stage fluidized bed combustion boiler.

Heat transfer rate Overall heat transfer Mean temperature  Heat transfer
coefficient difference surface
keal/h kecal/m%h.TC T m?
Superheater 174.40<10° 173.8 402.9 249.1
FEvaporator
Lower bed 229.45x10° 245 526.9 177.7
Water wall
Lower stage
Fluidized bed 29.31X10° 244 526.9 22.8
Freeboard 5.35X10° 534 526.9 19.0
Upper stage
Fluidized bed 29.31x10° 244 526.9 22.8
Freeboard 13.36 X 10° 53.4 526.9 475
Economiser 180.36:¢10° 22.7 354.8 3023.2
Air heater 62.51 X 10° 15.1 105.9 5277.3




110)

REE 1 RDO{REE T a,,
a=7Dpo b
=(3.142)(0.0486)(5.0)
=0.763 '
{RELTEFE Am
Ag =426.8 nf
ZEEOEH e
Ny = Ay, s
=426.8,0.763
=559.4 — 5604
E=ZAFROTEEFI T, BEEOY Y F%
Ly & 1L, BRAEEOE S r 3 AKX TR
hahd,
_(38)aDxo

T T3 700,
BEDE v F s

— Z”DPO 1/2

b = fgrhs)
_{ (2)(3.142)(0.0486) }1/2
B (1.732)(8.2)
=0.147 m

L7dt T, t50E5.0m, BIT14.0m, & &
0.75mDWBE NI, B 0.0486m, K & 5.0mD
ZEE % ¥y F 0.147Tm D IE = A AERT BE2FI
TH60ARRE L TIEBVE T AT i L v,

7)) Ta/ v -

I/ A F—DERFIHCOWT, KDL Lk
EwB{o HEH ADFHE Uer #5.6m/s, 57K D
PR Ueg #0.85m/s & 5 5, {BEETEIZ DWW
T, FEOAE Dy & 0.0508m, #+8 Do % 0.0699
m, BX1e%5.0m, BBERITF=AFROT R
Hlel, 20Oy FLuaEDIED 2T 5,
F, L/ 9L PF—ORIT L, #5.0m& L, B3
BEHOFETICERFN0mDZ ) 7T I VAR
BHLDET B,

HBAR G

G = (91.55 x10°)(107)

(3600)
=(),02543 ' /s
{EEE O IR Sp.
Sps=(7/4) Dy’
=(0.7854) (0.0508)*
=2.027 X107 o
BAROTPFIEE n,

_ G
- SpiUwe

n,

B (0.02543)
T (2,027 x107(0.85)
=14.8 — 154
I/ 7AW — OEEETE A,
Ap=3023.2 nf
LB DA A N,
_ A
Ne= D polpp
_ (3023.2)

~ (3.142)(0.0699) (5.0)
=2753.4 — 27547
ZBVE D HE € pp
By F2DpeDIE = ABFEIT BRI TH 20
T,
Epr= <7Z/4_3) D§U
DZ,
=7/ (8/3)
=0,2267
HEH 2 DVIREFE 14
ter = (teer +tagn)/ 2
= (850 +335) /(2)
=592.5 °C
BT A DR A AE Gy

= _ (BGs )(273.2+?EE
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Results of design calculation for a two-stage fluidized bed combustion boiler.

Steam

Evaporation capacity 91.6 t/h
Pressure 120 kg/em?®
Temperature 550 T
Boiler efficiency

Boiler efficiency 91.7 %
Feed water

Temperature 110 C

Fuel (Coal: Taiheiyo slack coal No.2)

Coal feed rate
Low heating value

16.0 t/h
4510 keal/kg

Moisture 5.6 %

Ash 32.5 %
Volatile matter 33.9 %

Size 0.05 — 2.0 mm

Sulfur sorbent (Limestone)

Limestone feed rate 0.17 t/h
Ca/S mole ratio 4.0
Ca0 content 55.4 %
Ignition loss 436 %
Size 0.1 — 2.0 mm
Air
Primary air
Flow rate 96.3 t/h
Air ratio 1.0
Secondary air
Flow rate 145 t/h
Air ratio 0.15
Inlet temperature 20 C
Preheated temperature 250 C
Flue gas
Flue gas flow rate 121.5 t/h
Temperature 150 C

8. Withdrawn particles
Withdrawing rate 1.9 t/h
Temperature 850 T
Unburned carbon content 0.9 %
9. Spent sulfur sorbent
Spent sorbent flow rate  0.13 t/h
Temperature 850 C
10. Elutriated particles
Elutriation rate 35 t/h
Temperature 150 C
Urburned carbon content 3.6 %

11. Lower fluidized bed

Bed temperature 850 C
Cross sectional area 69.6 m*
Bed height 13 m
Freeboard height 1.0m
12. Upper fluidized bed
Bed temperature 850 C
Cross sectional area 69.6 m*
Bed height 12m
Freeboard height 2.5m
13 Heat transfer surface
Superheater (lower bed) 249 m?
Evaporator (lower bed) 178 m?
Water wall
Lower fluidized bed 22.8 m*
Lower freeboard 19.0 m*
Upper fluidized bed 22.8 m*
Upper freeboard 47.5 m?
Economiser 3023 m*
Air heater 5277 m*
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&L =3
A =amount of feed air, Nm®/kg
A =heat transfer surface area, m?
a, = heat transfer surface area per one tube, m®

A, = theoritical air amount on fixed carbon in coal,
Nm?®/kg

A, = theoritical air amount, Nm®/kg

A1 = cross sectional area of fluidized bed, m?

Arq = cross sectional area of gas distributor, m?

Aw = heat transfer surface area of water wall, m?
B = fuel (coal) feed rate, kg/h

b = stoichiometric coefficient

C = concentration of oxygen, mol/cm®

Cao = fraction of ash ih coal

CalS= molar ratio of caleium to sulfur

Ce =carbon content in withdrawn particles
Ceao=Ca0 content in limestone

Ceco =carbon content in coal

Ca = orifice coefficient of perforated plate
Ci = carbon content in elutriated particles
Cuo = hydrogen content in coal

Cxo = nitrogen content in coal

Coo = oxygen content in coal

Cr = specific heat, keal/kg:TC

Creo= specific heat of coal, keal/kg-C
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Cso =sulfur content in coal

Cym = variation in oxygen concentration of gas by
combustion of volatile matter, mol/cm?®

Cwo = moisture in coal

D = molecular diffusion coefficient of oxygen, cm®/s

Dz = bubble diameter, cm

Deap=cap diameter of gas distributor, m

dor = orifice diameter, m

de = particle diameter, cm or m

De = pipe diameter, m

dpe — diamter of unreacted core, cm

dpe = maximum elutriatable particle diameter, m
ds = thickness of perforated plate, cm

D; = diameter of fluidized bed, cm

D+ = circle-equivalent diameter of gas distributor, cm
F = particle flow rate, g/s ,

F = particle flow rate per 1kg of coal, ke/kg
. = ratio of withdrawn rate to feed rate

f¢ = ratio of elutriation rate to feed rate

F. = Froude number

g = acceleration of gravity, cm?/s or m*/h

G = evaporation capacity, kg/h

Ga = Galilei number

G. = air flow rate, kg/h

g, = conversion factor, g-em/G.s’

Ge = amount of flue gas, Nm’/kg

Ge =flow rate of flue gas including elutriation
particles, kg/h

Ggw = amount of flue gas, kg/kg

Gy = theoritical amount of flue gas, Nm®/kg

Gy = gas flow rate, m%/s

H =height, em or m

Ha

H, = height of heat transfer tube bundle, m

Hioler =height of boiler main body, m

Hyr =total height of fluidized bed, m

Hy = high heating value, kcal/kg

= height of air duct, m

H; =distance between gas distributor and botiom
of heat transfer tube bundle, m

H, =low heating value, kecal/kg

Hy = distance between top of heat transfer tube bundle
and surface of fluidized bed, m

ia = enthalpy of air, keal/kg

ig = enthalpy of flue gas, keal/kg

Ig = ignition loss

is; =enthalpy of satulated steam, kcal/kg

iw =enthalpy of water, kecal/kg

i, =—enthalpy of feed water, kcal/kg

i, =enthalpy of steam, kcal/kg

Jao = sensible heat of air per1kg of coal, keal/kg

Jy =combustion heat of removal particles per 1 kg

of coal, keal/kg
Jo = sensible heat of withdrawn particles per 1 kg of

coal, keal/kg

Jeo =sensible heat of coal, keal/kg

J; = sensible heat of elutriated particles per 1 kg of
coal, keal/kg

Je = sensible heat of flue gas per 1 kg of coal, keal/kg

Js = sensible heat of sulfur sorbent per 1 kg of coal,
keal/kg

Jss = sensible heat of spent sulfur sorbent per 1 kg
of coal, keal/kg

Ky = overall coefficient of gas interchange between
bubble phase and emulsion phase, 1/s

K*(dn) — elutriation rate constant, 1/s

k, =apparent reaction rate constant of coal char, 1/s

k, = combustion rate constant of coal, cm/s

La =depth, m

£, =npitch of tube arrangement, m

L, =width, m

f.qp =nitch of cap arrangement on gas distributor, m
lsa = separation distance of air ducts, m

1y, =space length between heat iransfer tubes, m
lag =separation distance of flue gas ducts, m

1 =length of heat transfer tube, m

L,, =length of U-turn section in air duct, m

f#, = sensible heat loss by flue gas

f, =combustion heat loss by unburned combustibles
0, = combustion heat loss by removal particles
£,, = combustion heat loss by flue gas

f.: =heat loss by radiation

0, =sensible heat loss by removal particicles

f; =heat loss by unsteady operation

Mo = atomic weight of calcium

M gpo=molecular weight of CaO

Measos= molecular weight of CaSOy

Ms =atomic weight of sulfur

n, =number of heat transfer tubes
N,.p = number of caps on gas distributor

n, =number of heat transfer tubes in lateral



direction

Nor =number of orifices

hor =number of orifices

ny =number of duct pairs for air and flue gas

Nau = total number of constituent wnits in air heater

ny =number of heat transfer tubes in longitudinal
direction

Nwy = number of withdrawn pipes

O, =theoritical oxygen amount, Nm®/kg

Ovm = stoichiometric oxygen consumption for
combustion of volatiles, mol/g

P(d,) =size distribution function of particles, 1/cm

Q  =sensible heat rate, kcal/h

Q, =:combustion heat rate, kecal/h

Q.4 =radiant heat rate, kecal/h

Q. =heat output by generated steam, kcal/h

Q: =heat transfer rate, keal/h

Qr =total heat rate, keal/h

Q.w = heat transfer rate through water wall, keal/h

R =gas constant, cal/deg-mol

Re =Reynolds number

Remt =Reynolds number at minimum fluidzation

=heat trasfer surface area per unit volume of

fluidized bed, m?/m?

ror =fraction of open area in gas distributer

Ths

rsg =fraction of duct area for flue gas in cross
sectional area

Fvm = combustion rate of volatiles, mol/cm?

Sa  =cross sectional area of air duct, m?

Scap =working area per a cap of gas distributor, m®

Sg  =cross sectional area of economiser, m®

Sg =cross sectional area of flue gas duct, m®

Sp; =inner cross sectional area of heat transfer

tube, m?
t = temperature, C
T = ahsolute temperature, K
ta =temperature of air, C
tas =temperature of feed air, C

ty =temperature of fluidized bed,
teo =temperature of feed coal, C

tg =temperature of flue gas, T

Ty =absclute temperature at 0 C, K
ty =temperature of water, C

tws = temperature of satulated steam, T

U = superficial gas velocity, em/s
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U =overall heat transfer coefficient, kecal/m* h-C

u; =air velocity, m/s

Us = bubble rising velocity, m/s

ugz =flue gas velocity, m/s

Umt = superficial gas velocity at minimum fluidization,
m/s

Unt = superficial gas velocity at minimum fluidization,
cm/s

u, = superficial gas velocity, m/s

u,r =gas velocity through an orifice, m/s

Uyre=1U,, at incipient fluidization on maximum
particles in bed, m/s

u; =terminal velocity of particle, m/s

Us = terminal velocity of particle, cm/s

uw =velocity of water in tube, m/s

Vi =volume of heat transfer tube bundle, m®

Wy = total weight of fluidized bed materials, g

X =conversion of coal

Xco=male fraction of carbon monoxide in flue gas

Xie=conversion of elutriated particles

Y (dp) = collection efficiency for particles in size dp

@ = correction factor for heat transfer rate

B =penar/ Peoal

APy =pressure drop by gas distributor, cmH,0

At =temperature difference, C

ditm = logarithmic mean temperature difference, C

€5 =hubble volume fraction

€mt = bed voidage at minimum fluidization

€r =void fraction of heat transfer tube bundle

7 =boller efficiency

% =combustion efficiency

Jeg = combustion rate of coal, kg/m?-h

A = air ratio

A’ = corrected air ratio

A, =primary air ratio

A, =secondary air ratio

Mg =Viscosity of gas, g/cm-s or kg/m-s

Pao =density of air at 0C and 1 atm, kg/m®

Ps =carbon molar density, mol/cm?

Pionar=density of char, g/cm?®

Poos=density of coal, g/em?®

Pe = density of gas, g/cm® or kg/m®

Py =density of particle, kg/m?®

7 =time for complete combustion, s
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Subscripts
a —alr
A =air heater

A, = constituent unit in air heater

B == bubble, bubble phase, fluidized bed

¢ =withdrawn particles

co = coal

dy = particle diameter

¥ = emulsion phae, economiser
f =elutriated particles

I = freeboard

g = gas, flue gas

i = inner diameter

in = nlet

1 = lower stage

max = maximum

mf = minimum fluidization
min= minimun
0 = outer diameter
out = outlet
s = sulfur sorbent
SH= super heater
ss = spent sulfur sorbent
= upper stage
== gvaporator

= water

u

v

w

w = water wall
0 =feed, coal

1 = withdrawn outflow, inlet
2 = elutriated outflow, outlet
Superscript

— = mean value
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STUDIES ON FLUIDIZED BED COMBUSTION OF COAL

Minoru Tomita, Toshimasa Hirama, *Tomio Adachi and Hiroshi Yamaguchi.

(*The Coal Mining Research Center)
Synopsis

Since the oil crisis of December 1973, coal has been reevaluated as an important energy source
alternative to petroleum, and worldwide various coal utilization technologies have been investigated and
developed. Among technologies under development, the first to be brought into commercialize is fluid-
ized bed coal combustion (FBC). It is the most fundamental, where coal is able to replace petroleum
in power generation, Compared with conventional coal-fired boilers, fluidized bed combustion has the
advantages of reducing boiler size, crushing costs of coal and sorbent, easing the restrictions on coal
types, and achieving low pollution combustion. Research and development of FBC is being conducted in
various countries throughout the world, and it is now close to commercial utilization. For Japan,
with a high population density and poor energy resources, high combustion efficiency and low pollution
are necessary requirements when using advanced technologies to replace petroleum with coal.

‘The fluidization team in the Government Industrial Development Laboratory, Hokkaido (GIDLH)
has been devoted to the development of various types of fluidized bed applications since the laboratory
was founded in 1960. Employing our previous experience, this study was conducted as ordinary re-
search at GIDLH from 1976 to 1982. The purpose of this study is to obtain basic data on atmospheric
fluidized bed coal combustion, to develop a new type of fluidized bed combustor and to confirm design
methods of fluidized bed combustors for coal. The main elements are as follows :

1) Basic studies on coal combustion, pollutant emission, and fluidization characteristics of fluidized
bed combustion with single-stage fluidized beds.

2) Development of a new two-stage fluidized bed combustor, with the advantages of high combustion
efficiency and low pollution.

3) Obtaining a better understanding of the mechanism of nitrogen oxides formation in the two-stage
fluidized bed combustor and the development of reduction technology for the nitrogen oxides.

4) Development of a mathematical model for the analysis of fluidized bed coal combustion systems.

5) Development of basic design procedures for single-, and two-stage fluidized bed combustion coal

boilers.

An outline of the present studies is as follows.

Chapter 1. Introduction.

Purposes and outline of this study and the concept of fluidized bed combustion of coal are first
described. Next, the general state of the worldwide development of fluidized bed coal combustors and

studies on fluidized bed combustion of coal at GIDLH are outlined to explain the position of our studies.

Chapter 2. Basic studies with single-stage fluidized beds.

In order to obtain basic data for the development of fluidized bed combustors, combustion experiments

and measurements of bubble data in fluidized beds with immersed horizontal tube bundle were carried
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out. The influence of bed temperature, air ratio, and combustion intensity on nitrogen oxides emission

and combustion efficiency, and sulfur retention by the limestone and also behavior of ash were inves-

tigated with a single-siage fluidized bed combustor, 0.1 m LD. and 1.0 m heigh, burning Taiheiyo coal
finer than 2 mm in size.

The overall combustion rate constant was obtained for coarser particles, taking the particle
residence time distribution into account. Elutriation rate constants were evaluated from the relation-
ship between carbon content and particle size.

Desulfurization tests were carried out by burning Miike coal in a single-siage fluidized bed com-
bustor, using limestone as the sulfur oxide sorbent. The optimum value of the Ca/S molar ratio was
about three, taking sulfur retention and limestone utilization into consideration.

Bubble data were measured in a 0.6 m LD, fluidized bed within a horizontal tube bundle. The
effect of tube arrangements on the bubble behavior was investigated for cross and parallel
arrangements. 'Differences of bubble behavior for different tube arrangements were observed at

low fluidization gas velocity, but not at high gas velocities.

Chapter 3. Studies of two-stage fluidized bed combustion.

A new concept of two-stage fluidized bed combustor was established, this has several advantages;
high combustion efficiency, low nitrogen oxides emission, and possible regeneration of spent sorbent
and utilization of coal ash. The concept was tested experimentally with a two-stage 0.1 m LD.
fluidized bed combustor under atmospheric conditions.

The results showed a minimum nitrogen oxides emission around a primary air ratio of 1.0, and the
emission level was approximately one half that of single-stage fluidized bed combustion. The carbon
monoxide emission level was below 500 ppm even when the residual oxygen concentration in flue gas
was 2%. The combustion efficiency reached 98 % at bed temperature of 800 C.

It was found that the two-stage fluidized bed combustion system makes it possible to reduce
nitrogen oxides emissions and to increase combustion efficiency to the levels of pressurize& fluidized
bed combustion. It is expected that this system is suitable for combustion of coal containing fine par-

ticles, because the upper bed functions as a kind of carbon burn-up cell.

Chapter 4. Formation and reduction of nitrogen oxides in two-stage
fluidized bed combustors.

In order to reduce the nitrogen oxides emissions from two-stage fluidized bed coal combustors,
studies on the formation and reduction of nitrogen oxides were performed with a two-stage fluidized
bed combustor and a quartz tubular reactor.

Axial concentration profiles of the nitrogen oxides and ammonia were measured in the two-stage
combustor. The effects of the ammonia on nitrogen monoxide formation and reduction were investi-
gated with the tubular reactor in homogeneous (gas phase) and heterogeneous (gas-solid particles)
reaction systems.

The results are as follows :

1) The value of nitrogen oxides emissions from the lower bed decreased with decreasing primary
air ratio. Ammonia emissions at the primary air ratio of 0.7 increased to 3 to 5 times that of
nitrogen oxides.

2) Ammonia formed in the lower bed decomposed rapidly in the freeboard. The remaining ammonia,
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flowed into the upper bed and a part of this ammonia was converted to nitrogen oxides by the

secondary air. The nitrogen oxides emissions from the two-stage fluidized bed combustor was

strongly affected by the total amount of nitrogen oxides and ammonia flowing into the upper bed.
3) In the absence of oxygen, the decomposition of ammonia and reduction of nitrogen oxides were

observed in the heterogeneous system, but this did not occur in the homogeneous system. In the

presence of oxygen in the heterogeneous system, the formation of nitrogen oxides from the ammonia
was promoted remarkably and the reduction of nitrogen oxides was disturbed.
4 ) In the heterogeneous system, ammonia was formed in the presence of nitrogen monoxide and hy-
drogen, without the presence of OXygen.
From the results, a combustion method for low nitrogen oxides emission is proporsed for the

two-stage fluidized bed combustion of coal.

Chapter 5. Basic design for fluidized bed coal combustor.

This chapter considers the basic design of atmospheric fluidized bed coal combustor.

First a mathematical model is proposed for atmospheric coal combustion in the fluidized bed of
coal ash. The influence of various design parameters on the combustion efficiency are predicted by
simulations using the model. From the results it is found that bed height and the size distribution
ol the coal remarkably affects the combustion efficiency, and that two-stage fluidized bed combustion
Is able to achieve high combustion efficiency.

Next a procedure for the basic design of fluidized bed coal combustors is proposed on the basis
of heat balance calculations. Predictions of elutriation fraction, unburned carbon content of elutriated
particles, boiler efficiency and heat transfer, and the design of economizer, air heater, and gas distri-

butor are described. Some additional parameters are also considered.

Chapter 6. Conclusion.

The conclusion of this report is summaries of the studies detailed in Chapters 1 to 5.

Appendix. Examples of fluidized bed combustion boiler designs.

To illustrate the design procedure calculations are shown in details for a fluidized bed combustion
boiler of 14 t/h steam generation and a two-stage fluidized bed combustion boiler to generate 30 MW
of power. The designs are calculated from the data and findings in the present studies, and some of

the design parameters are discussed.
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