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Abstract—A mathematical model for the carbon combustion reaction in the freeboard of a fluidized bed
combustor using domestic anthracite coal was developed by using the entrainment mechanism of unburned
carbon particle and applying the related reaction kinetics. The extent of carbon combustion, gas composition
and temperature distributions in the freeboard can be determined from the proposed model. It was also
found that among the kinetic parameters, the surface reaction rate constant gives significant effects on the
temperature and gas compositions in the freeboard, while the CO combustion reaction rate constant gives

a dominant effect on CO composition in the freeboard.
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Fig. 1. Schematic representation of freeboard carbon com-
bustion model.
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Table 1. Data for the numerical analysis

Freeboard height(L) 24m
Inside diameter(D;) 02m
Particle diameter(d,) 107*m
Overall coefficient(U;) 7.5X 10~ * keal/m?secC
Frequency factor(k,) 4.1X10* m/sec
Frequency factor(kg) 3X10%(kgmol/m® ~*¥/sec
Activation energy(E;) 3% 10" kcal/kgmol
Activation energy(E,) 2.6 X 10* kcal/kgmol
Emissivity of particle(g,) 1
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Fig. 2. Comparison of calculated and measured axial tem-
perature profiles(l).

ojutel w)utA 4l9] 27)x<l (0], [COL, Tp 52
freeboard inletoll 4] Al Ao g2 24 gk g3y
t}. Freeboard inlet ¥°19) A Ao 2ol vt £(28]
o] Metfi-5% dAiRo e RGPS Tl Bt
S5 22| 2393 (bed expansion) A8 S B &, oF 25
cm?] TAEFFOlE s B AYERA o] IR
Abgk AR 60 cmA) M-S freeboard7} A)ztEE Fol2
stk 7haz Al EACe 7t HZ(AP-
115N), freeboard inletol] 4X]¥l 7}~ probe, 22|l
Q,, CO, CO,, NO, SO,9 5717215 FAld £AE F
¢l multi-gas analyzer(IMR-3000P) 5-o] AF&-=g] e
o, £E 2ol d AN (K type) 2} data logger(Fluke
model, 2190A) 7} AH8-E9ic}(12,29]. =3 wlAbE=
o) Eqlale] 27| exe A Av|7t 2tA A4t #
iz 23k 3 58 aedsted rpaezel §AT e
g3kt

3. dot A HE

3-1. AEx|ele] HBHE

o]7) 4+ freeboard &l int-gRdS o]4
AEE 2ygke) 2x2¥ 0, ¥ CO FE1 X,

28 5o F2o EANE AYPAe ulw A

ook
B3

h

3

Fig.29} 3& #53 4%, 89 =7, #5
exol BE FYge] LEFIE wiwstel vehd
ok wxlol] ojaf A4E ghe U¥ F4E AsdFne
2439 ¢ AAHE 4%E BAFT Ak @A A
5 slEgeke] ¥1 HEFLE7 ¥ 4Tl
A6 ) tha ol & Molm gled olE ¥

dA-el oleix wjatEls vlEArke] shdrizte]

», ol

Roba oo

HWAHAK KONGHAK Vol. 32, No. 1, February, 1994



22 whed g - 73 -

1100 T T T T T
1000 |- R
& s
e
3 b0
@
©
=3 700
2 - T Ulaiaec)  Coalidy, me)
1 o 17 0 996
w 60} . 050 ) 037 7
] o8 w17 0,99
v a % 17 0 327
o % a7 0 956
500 r b . % b7 0 327 1
‘m i ' A 1 1
Kl A .B 1.2 1.6 2.0 2.4

Freeboard Height {(m)

Fig. 3. Comparison of calculated and measured axial tem-
perature profiles(II).

=
5
©
510
(=4
S
= Ll Mea 7
S8 N U.(-/n:) Coal (4, ma}

B - 1 [ 950 H] 0 0 -
8 11 A 950 17 0 10
o Tt o 900 7 0.3%
;~ 7k v a 900 (K} 0 10 b
S v a 850 1 0.790

vl . 80 19 0,30
6| J
5 1 L —L 1. 1
.0 .4 .8 1.2 1.6 2.0 2.4

Freeboard Height (m)

Fig. 4. Comparison of calculated and measured axial O,
profiles(I).

A5 e A, FAHFORA Eig

$ere 2
onz pnrl ¥E AT ARAL VEFEA FE
G 7h A ek A waklae ARAe AEet
Lol Qojd YEA7] % YAYSEEe) dE BFAE
A4 8 5 2 b 2 2”06 FlslE Aew
AEE

Fig.45} 5% 5999 0, $E¥Z5 hebd Aeolck
NRF VRl ool FEFLE & UY
A%e Asisat AN 2YAE P 2

=]

Qg Holx girk v} AN EHAX Y] el
A} ool 4] QAFE uie} o] B md FxA &
Ao} 7]Ql3k= Ao B 4 gleh

FE A= AR FU3 0, TEFLEAAS B
o]i= ulml EA X% freeboard top ol A w3 &
H]-§2] O, %Eﬂi‘i‘i‘c}-—z ol qled ole free-
board &¥-odedel 75, wlElzle] ubgHAlH 27

patas H32H Hizs 19944 28

&4 - w714

13 T T T T T
12F
e v . h
a
= 1" N
10 . "
c T L
2 9r b
- - = W ]
E 8 n
€ n
]
8 Cal. Mea. A
5 W) Yytwsec) l‘ull&.-) -
S 1 a 50 L7
o 4+ 1 a w0 17 om
£ 1t o 50 17 0 %6 T
" - 950 1.7 0 %27 R
e 3r v A 900 1.7 0.327
2 L Vi . 850 17 0327 A
1 1 1 1 1 1
.0 4 .8 1.2 1.6 2.0 2.4

Freeboard Height (m)

Fig. 5. Comparison of calculated and measured axial O,

profiles(Il).
mm T T LI T T
Cat. Mew.
4500 | m'c) Glaranc) ca.ua,-» B
1 a L7
L 1 . m L om
4000 m o %00 L7 0.39% ]
™ s W 19 0.3
[0+ v A 950 Ly 9 30 3
M . B0 19 0.9

CO0 Concentration (ppm}

.0 4 8 1.2 1.6 2.0 2.4
Freeboard Height (m)

Fig. 6. Comparison of calculated and measured CO pro-
files(1).

7hedell whE ub-gAjdo] dofutn] freeboard 443
9 AE Azt oA HA ZAFE Fhad] 9
°J7}«] AeEe A 9 ARSI ol Aot =
dAaubgel tha itad 4 glv] Wfel Ao F
’ﬁ gk ol9} A Ao g g S[30]2 freeboard
topF-Zoll A 71228 vl Ut o wdEe] QS
A EEEA 93 top¥-2ell F ol €& AV}
AfFee dgHoz g v gl
Fig. 63 7& oJe] x4 e 43k CO 5
TR 25 el Hlold. A 859 ulRgske] e A
= AxAe HAAE “Hzﬂi AR AEgE Het
"L‘E’n—4 w|E-geFo) &2 7 9= freeboard 3143 Yol
A Aokgl #Ha1 g B Fa ‘il‘:}. o9} zre FAfe ¢4
COAFol ehaclaubge] 13 FHANERA o]
A g Al aubge vbe 2oy YEAY] Fofl 7l
7+ HslE Belng AEF dFo] o8 HE 9]



Metf-5E A2l 42 Freeboard 484

§

T~ T T

-

5500 Cal. Mes. J
o D v cmithm
5000 - ! %0 ? 0,99 4
_ s w17 0996
E - nr o 850 17 0,996 e
g 4500 w8 0 a7 0.327
£ v s w7 o %27 N
e 4000 vioe s L7 0327
S
ey
©
<
e
c
S
o
c
<1
o
f=4
o
U 1 1 L 1 y UE—
.0 .4 .8 1.2 1.6 2.0 2.4

Freeboard Height(m)

Fig. 7. Comparison of calculated and measured axial CO
profiles(Il).

o} B mao) glojA] vl ikl Ape] £7)7kde] e E %]
Qgkeng E3] u|R§gge] ¥& 7% freeboarddht
oA AR} A& Hch E e 2 HE deg
2 4 9ot g4 A" CO7tAe ey out

AEEAEd A wlEEe 3 HH A3Etn Qe

o

= B gl qlolA A48 A|5e vl Ryl F3,
14+3] Agho] Y= Abefol A freeboard & =7} o}
COtAle] &x1=2]7] Wi Aoz Ad=c12]
e} 2| Z7bA] W E freeboard od Anb-g- 2wl So)
F2 ghao] shddankgukE weste] AAZ A
He COdl digt HEZL AH o)A A o2 H& 7
g o E 2de AU Aol ¥ 5 olen 53
7] dj #-¥% 0.5 mm ©]&t9] 32 Q)22 FA FH = free-

4+
(.
o
Al
il

o

oL

23

boardel 4] 9] gh2qd 2k CO9 A4 2 Al inkg
5 A esh= el B 4 F ok
Table 2+= & 298 53 425 freeboard ®hA<d
Zg(freeboardofl 4] dAis stazl/drzz 393
F g2 g 24" g wlag Hdeoln, obgy £
Y2 HE] A v)akd )] freeboardd s
g Yeld 7Zolrt Freeboard 8FAd &S
gheko] w3 2%l & ¥ 45E A9slue
A o} HA A7) A2 & FgEE AL 2HYFa
o} 2ev} 2o A vjRgafe] e 7ol
ehs & x| ete] zjolis F-olRcl® w)4kgixirl 9
EEXE zhe ulE24akeal A4 /lzle] jE=a7]
P ASEL Fol e HEXE AL AFY A4E
w3l A gl #4-%) reaction kinetics 0] AAZ
freeboardfell 4| dofvhz H3kgt F¥A 75 ¥
A2NHEE A s ohk v ER Hel UVl WE R
Aba¥ch =3 Table 2¢] XA vle} zo] w4kdl
A 2t9] freeboard =hA%3HE-2 7-40%=2 el
ukef v]Ak3] Al 58 #H8-sl| freeboardw ®
2AFFE 557 freeboard AolE HA 3 4
Akl ZL9) freeboardy] A FA17H-g FeiF vl 4kl ALY
e 3-go] 7)o} @4 freeboard b4 A58 =
A g g HeR A=
A A E ol 7h2] S A Y RRHEE F
¥ 242 over-bed HehFgol U F
L] A FEEE v Eatiel ofRed ofs)
et EakS vedste] vlarz AlE ]
£

 E BECEIETESI

[o]

> & o
o
dr 8

o ol o
olf

)

rir

o

g
iy

Table 2. The extent of freeboard carbon combustion and carbon conversion of entrained particles in freeboard

. Y (%) Carbon conversion
Coal(dy, mm) Um/sec) THC) Measured Calculated (%, 100¢)

0.996 1.7 850 0.6 0.9 6.9
900 1.7 1.2 10.1

950 29 1.6 14.7

1.5 850 2.3 3.0 9.6

900 3.2 3.2 14.8

950 54 4.5 230

1.7 850 3.3 2.4 9.0

0.390 900 5.9 3.8 14.8
950 8.2 8.1 32.1

1.9 850 3.3 28 8.6

900 54 4.8 15.0

950 7.9 10.1 33.9

0.327 1.7 850 46 34 93
900 6.1 6.2 17.8

950 84 10.3 39.6
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A : cross-sectional area of combustor [m?]

A, : surface area of single carbon particle [m?]

[C] :carbon concentration in freeboard [ kgmol/m®]

[C], :initial carbon concentration in freeboard [kg-
mol/m*)

CpC,s : specific heat of solid and gas [kcal/kgC ]

d. : diameter of unburned core of carbon particle
(m]

D, :inside diameter of combustor [m]

d, :mean particle diameter of entrained carbon
particle [m]

dy : particle size having the terminal velocity
equal to fluidizing velocity [m]

E, : fraction of attrited carbon on feed carbon [%]

E, : activation energy for CO oxidation [kcal/kg-
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mol]

: carbon elutriation rate from in-bed attrition

(kg/hr]

: carbon elutriation rate from feed coal [kg/hr]
: activation energy for carbon oxidation reac-

tion [kcal/kgmol]

: fraction of stoichiometric oxygen in the feed

oxygen [-]

: coal feed rate [kg/hr]
: gravitational acceleration constant [m/sec?]
: convectional heat transfer coefficient [kcal/m?

secC ]
heat of carbon combustion [kcal/kgmol]

: heat of CO oxidation reaction [kcal/kgmol]

heat released when CO is formed [kcal/kg-
mol ]
heat released when CQO. is formed [kcal/kg-
mol]

: thermal conductivity of flue gas [kcal/msec

c]

: frequency factor for CO oxidation reaction

[ (m®kgmol)®¥sec™!]

: frequency factor for carbon oxidation reaction

[m/sec]

: freeboard height [m]

: molecular weight of carbon [kg/kgmol]

: flue gas mole flow rate [kgmol/sec]

: number of carbon particle contained in unit

volume [-]

: oxygen concentration in freeboard [ kgmol/m®]
: ratio of CO to CO, formed at the carbon sur-

face [-]

: heat transfer rate from convection and radia-

tion at particle surface [kcal/sec]

: gas constant, 82.05 [cm® atm]/[gmol] [°K]
: gas constant, 1.987 [cal]/[gmol][*K]

: Reynolds number [-]

: reaction rate of CO oxidation reaction [kg-

mol/sec]

: reaction rate of carbon oxidation reaction

[kgmol/sec]

: bed temperature [C ]

: gas temperature in freeboard [C ]

: ambient temperature [C ]

: temperature of solid particle [C ]

: average temperature of freeboard outside wall

{t]

: fluidizing velocity (superficial velocity based

on cross-sectional area of fluidized bed) [m

Hi323 HM1% 19944 28

/sec]

U : overall heat transfer coefficient of freeboard
wall [kcal/m?secC ]

U,  :minimum fluidization velocity [m/sec]

U : terminal velocity of solid particle [m/sec]

X : weight fraction in interval [-]

X, : weight fraction of carbon in coal [-]

X; : fraction of elutriation from the feeding coal
{-]

Y, : extent of carbon combustion in freeboard
(%]

aglolAa 22X}

P Ps Py : density of gas and solid [kg/m®]

& : emissivity of carbon particle [-]

™ : viscosity of flue gas [kg/m sec]

(] : mechanism factor [-]

c : Stefan-Boltzman coefficient, 1.35X 10" [kcal
/m’sec’K*]

¢ : fractional carbon conversion of entrained par-

ticles in freeboard [-]
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