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Abstract—A series of experiments for incineration of digested sewage sludge in a laboratory scale two-
stage swirl-flow fluidized bed incinerator are performed to obtain the combustion characteristics and the
emission characteristics of gas pollutants. The results are compared with those obtained in the same size
single-stage fluidized bed incinerator. Due to the swirling flow in the freeboard of upper stage, the combustible
contents of the ash in the outflow streams are lower and freeboard temperature of the upper stage is higher
than those of the single-stage fluidized bed incinerator. As a result, the combustion efficiency of the two-
stage swirl-flow fluidized bed incinerator is higher than that of the single-stage fluidized bed incinerator
under the same operating conditions. The range of NO, emission is as low as 13.9-204 ppm, however, the
emission of SO; becomes as high as 1678-1931 ppm, which need to be controled to meet the emission stand-

ards.
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Fig. 1. Schematic flow diagram of experimental appara-
tus.
1. Air compressor 7. Differential
2. Air preheater pressure gauge
3. Rotameters 8. Sampling line
4. Sludge hoppers 9. Gas analyzer
& screw feeder 10. Cyclone
. Ash hopper 11. In-bed cooling line
. Thermocouples 12. Incinerator
and recoder 13. Upper stage distributor
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Table 1. Composition and size distribution of sewage sludge
used in the experiment

Analysis wt%
Proximate

Moisture 21.00

Combustibles 27.31

Ash 51.69
Ultimate(dry basis)

C 14.30

H 2.72

N 2.33

S 145

0 17.99

Ash 61.21
Calorific value(gross, kcal/kg) 1050
Particle size range(mm)

2.00-0.84 50.06

0.84-0.75 6.61

0.75-0.30 23.67

0.30-0.21 5.03

0.21-0.15 4.69

0.15-0.10 3.83

<0.10 6.11

d,(mm) 0,591
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Table 2. Experimental parameters and conditions

Parameters Conditions
Bed temperature(C)
lower bed, Ty 750, 800, 850
upper bed, T 800
Superficial gas velocity(m/s)
lower bed, Uy 09-14
upper bed, Up 0.06-0.28
Particle mean diameter(mm)
lower bed, dn 0.968-1.015
upper bed, d,. 0.131-0.170
Minimum fluidization velocity(m/s)
lower bed, Unpn 0.346-0.378
upper bed, U,p 0.007-0.011
Fuel feed rate, Fy(g/min) 131.25-204.18
Fluidized bed height(m)
lower bed, hy 0.20
upper bed, hy 0.10
Total air-fuel ratio, Ar(-) 11-14
PAF*, Qi/Qr(-) 0.7, 0.8, 09

*primary air factor at standard condition(0T, 1atm)
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Fig. 2. Comparison of axial temperature profile between
single-stage fluidized bed and two-stage swirl-flow
fluidized bed incinerators(U, =1.2 m/s, Ar=1.2,
T,.=800°C, sz=800°C, QI/QT=0-7)-
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Fig. 3. Effect of U,, on axial temperature profile in two-
stage swirl-flow fluidized bed incinerators(A;=1.2,
T,,|=800°C, sz= 800°C, Q]/Qr=0.7)
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Fig. 4. Effect of A7 on axial temperature profile in two-
stage swirl-flow fluidized bed incinerators(U,;=1.2
m/s, T“=800°C, Tp1=800°C, QI/QT: 0.7).
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Table 3. Comparison of combustible loss and combustion efficiency between single-stage fluidized bed and two-stage

swirl-flow fluidized bed incinerators

Type Ucu Ar Ta Q/Qr Fo F./Fo (Cx) F./Fo (Cl) F3/Fo (Ca) n
(m/s) (- (t) (-) (g/min) (%) (%) (%) (%) (%) (%) (%)
SS-FBI 12 1.1 800 0.70 190.91 37.70(1.23) 14.75(1.92) 94.3
1.2 1.2 800 0.70 175.00 36.87(1.10) 1553(1.98) 945
1.2 1.3 800 0.70 161.54 36.47(1.08) 15.92(1.92) 94.6
12 14 800 0.70 150.00 35.67(1.09) 16.61(1.20) 955
1.2 12 750 0.70 183.56 38.72(1.12) 16.33(1.98) 94.2
1.2 12 800 0.70 175.00 36.87(1.10) 1553(1.98) 945
12 1.2 850 0.70 167.21 38.01(0.85) 14.26(1.75) 95.6
1.2 1.2 900 0.70 160.00 38.48(0.80) 13.73(1.56) 96.0
0.9 1.2 800 0.70 131.25 39.57(1.07) 12.78(1.84) 949
10 1.2 800 0.70 145.84 38.77(1.06) 13.60(1.98) 94.8
11 1.2 800 0.70 160.42 37.60(1.08) 14.78(191) 94.7
12 1.2 800 0.70 175.00 36.87(1.10) 15.53(1.98) 945
14 12 800 0.70 204.18 35.58(1.28) 16.94(2.01) 939
TSSF-FBI 09 12 800 0.70 131.25 35.28(0.93) 11.38(0.12) 541(1.07) 969
11 1.2 800 0.70 160.41 33.21(0.85) 12.61(0.11) 6.27(157) 970
12 12 800 0.70 175.00 32.14(0.81) 13.09(0.10) 6.86(167) 970
14 12 800 0.70 204.18 31.29(1.11) 12.30(0.11) 6.42(1.72) 964
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Table 3. Continued
Tvpe Un Ar To1 Q/Qr Fy/F, (Cy) Fo/Fy  (C1)  Fo/Fy (C3) n
P (mfs) () (©) () (gmin @ B @ (@ (@) (B (%
1.2 1.1 800 0.70 190.91 3254(1.23) 12.68(0.11) 6.99(1.75) 959
1.2 1.2 800 0.70 175.00 32.14(0.81) 13.09(0.10) 6.86(1.67) 970
1.2 1.3 800 0.70 161.54 32.56(0.83) 12.94(0.10) 6.57(1.48) 971
1.2 14 800 0.70 32.42(0.75) 13.21(0.10) 6.39(1.23) 974
1.2 1.2 750 0.70 183.56 31.75(1.04) 12.87(0.12) 7.53(1.69) 964
1.2 1.2 800 0.70 175.00 32.14(0.81) 13.09(0.10) 6.86(1.67) 970
1.2 1.2 850 0.70 167.21 33.89(0.76) 11.98(0.10) 6.15(1.12) 974
1.2 1.1 800 0.70 175.00 32.14(0.81) 13.09(0.10) 6.86(1.67) 970
1.2 1.2 800 0.80 153.13 32.13(0.74) 13.60(0.11) 6.29(145) 974
1.2 1.3 800 0.90 136.11 32.86(0.70) 14.23(0.10) 490(1.18) 977

SS-FBI : Single-stage fluidized bed incinerator

TSSF-FBI : Two-stage swirl-flow fluidized bed incinerator

ehdc). ole AlAE AHE ule} o] 2xk AIFH
55 242 gt fEFo2ty darias}
27 vjgEukgl v]led vjA)aEe] Abet freeboard LH
A A3F &7 o3 vy & YASL AL F
2 & 23] 2z} F7)d A8 fEEHA A

27h dofid & AR ERS 53 iEHERE A
FEZA &= A F9] 7ld¥ d=ko] Table 3
A Hi Hiel o] 01% AxE s 2o xF)
vliHrEE e vAIYRE G4] A3lF Bded o8 =
W AFAIzke] AejAiny, 4k freeboard Well A 3
7352 Z7tel e rhdA ska(Ee vl dAbet
Z7194e) & HE a7 2 v} $us dod w
ohie} Alet freeboard-9] 2%7F FA FAHEER
e dasws} 25215]0—] A2 EE §lA F2 7}
AR gk A dit 55 272 vE 25E B

wE 2 Ayl 22 Fr)-day], Fex ¥
13} %’*71‘%(Q1/Q7)°l Z7hslE Ang

g §53 242 9 2 AsRF 5% 27Rel4
_’f;ﬁ-%% Table 33} 7o) Frish= A& B
ZE g HF st JtATHERY L

o

27 gt 55 272 A E shdt g et
Z7ksb dubAQ Aek §5% diolx B viet
o) AxF o] A BHohv, 21 AF #5535
aztze e drige] A9 dxFE &+ ok
ole} e A ot HE5F £74E A, ST
gEErt ARE vlabf-EEe] Fviste) AnE g
MpaE zdsAR, 2% BT £55 adEe

b

30

[
=
T

o
g

Qe00o SS-FBI
Quoge TSSF-FBI

NOy emission, ppm

s
T

1.0 1.1 1.2 1.3 L4 1.5

Fig. 7. Effect of Ar on NO, emission(U,;=1.2m/s, T, =
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A sl st ss) Frlksbd sl A AR
Axriazl Ak BAbghd] dAd x2& F94% o
Y EEAEE(V,) 7 AR Add freeboard ol 4 A13]
ey ZrvstA =He(7], 2 A3 st 2 iE A4
b} @Al vEukE o)d o)A dx F A 53
W2e] gz Eeke] F71s7] el

F£EAE &
Aol whE FaEA wiEEAS getstaat T2
7)-AgH] HEe & Wzt~ F¢ NO, Q-E_g_
23 A3E Fig 79 vtebdic} Fig 74 29, &
Z7)-dgu)r} asiy NO, wEs=7} 7&4—3}—\:
S 2 4 qlon, AR[1]eA 2Hxd ot f{F
Zhol| 4 Q& Azte} L ATAYS Bt 0|9 7

o oft I

oft

flo o oX. mx_, 4

HWAHAK KONGHAK Vol. 30, No. 4, August, 1992



506 oJAIZ - 0)7}E - AAS -

2000

—

1800 /
g 1600 |-
a
(-}
o 1400 -
2
"
2
g 1200 ———
o
.
& 1000 |

20000 SS-FBI
800 |- Q@aQo TSSF~FBI
800 I\ I L 1 1 L
0.8 0.9 1.0 1.1 1.2 1.3 1.4 15
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Fig. 10. Comparison of SO, emission between single-stage
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Co : combustible content in the sludge fed [%]

C : combustible content in particles drained from
the lower bed [%]

C, : combustible content in particles drained from
the upper bed [%)

Cs : combustible content in fly ash collected in cy-
clones [%]

Csi  : SO, emission 0.65 m above the distributor of
lower stage [ppm]

Css  : SO, emission 1.44 m above the distributor of
lower stage [ppm]

d, :mean diameter of particle [mm]

Fo : sludge feed rate [g/min]

F, : weight of particles drained from the lower bed
[g/min]

F. : weight of particles drained from the upper

bed [g/min]

F; : weight of fly ash collected by cyclones [g/
min])

hy  :fluidized height of lower bed [m]

hy;  :fluidized height of upper bed [m]

m, :molar flow rate of air [mol/s]

my :molar flow rate of fuel [mol/s]

Q : primary air flow rate [I/min]

Q. : secondary air flow rate (//min]

Qr  :total air flow rate [!/min]

Ty :lower bed temperature 0.20 m above the low-

er stage distributor [C ]
Tse : upper bed temperature 0.10 m above the up-
per stage distributor [T ]

U,; :minimum fluidization velocity [m/s]

Us  :primary superficial gas velocity [m/s]

Ug  :secondary superficial gas velocity [m/s]

W, :ash weight in the sludge fed [g/min]

W, : ash weight in particles drained from the lower
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bed [g/min]

W,  :ash weight in particles drained from the upper
bed (g/min]

W;  :ash weight in fly ash collected by cyclones
[g/min]

n : combustion efficiency [%]

Ar : total air-fuel ratio defined as Ar=(m./my)/
(mg/my)..

31X}

a : air

b : bed

f : fuel

g : gas

s : stoichiometric

o : feed

1 : lower bed

2 : upper bed

3 : fly bed
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