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Abstract — Heat transfer coefficients between fluidized bed combustor and the vertically immersed tube
have been determined in a 15 cm-ID x 1.0 m-high main fluidized bed having freeboard height of 0.5 m and
25 ¢m in diameter.

Effects of coal size (0.33-0.78 mm), air velocity (60-190 cm/s), bed temperature (800-950°C) and lo-
cation of the transfer tube in radial direction on heat transfer coefficient have been determined.

A gas film thickness adjacent to the heat transfer tube has been determined from a model equation which
account radiation effect.

The average gas film thickness is found to be 0.048 d_from the experiments. Heat transfer coefficient
exhibit a maximum value along the air velocity. Whereas it increased with bed temperature and decrease
of particle size. In addition, the optimum heat transfer coefficient has been obtained where the transfer
tube is located at -4-dy.

The coefficient in terms of Nusselt number can be correlated with Reynolds and Galileo numbers.
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Table 2. Chemical analysis of coal.

% ¥ (%) 5.9
a 3 #(%) 56.35
* 3w ¥ (%) 4.45
A R rbA (%) 33.24
A C (%) 35.71
& H (%) 0.56
a1 N 0.21
ol 2 (4 24 8.71F) 2790Cal/g
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Table 3. Physical properties of coal and ash.
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Table 4. Operating conditions.

4 A E} A El ash Coal Feed Rate (Kg/hr) 3.8-7.5
bulk density 0 99— 1 02 L 04—1.07 Mean Coal Size (1tnm) 1. 06, 0. 68, 0. 49, 0. 34
(g/cm®) Mean Bed ash Size(mm) [0.78,0.56,0.48,0.33
density Air Flow Rate
(g/cm?) 233 244 (m?/hr, 18C 7] &) 10-35
Porosity 0.56-0.58 | 0.56-0.57 (Cm/sec, Bed temp. 71°E) 60190
Conductivity Bed temperature (C) 800, 850, 900, 950
(Kcal/m. hr. C) 0. 233 0. 168 Bed pressure (atm) 1
38T basis Bed height 050
Specific heat (Cm, Expanded state)
(cal/e. ©) 0.236 0.198
och, AeolAe 48e 15m ot 2Ll Aeisl
71 Eel7lE A 2mme] SUS 304 hol] 27 % 30cmEo] gvtF M-S T7|HE5E AME St
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B Aol A" Mrke Fd Ao A o HEle et LPGoFe 744794 o
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temperature.

Fig. 4. Pressure drop. vs. air velocity at high

temperatures.
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Table 5. Minimum fluidized velocity and terminal velocity of various particle sizes.

S e < Un A A (B W25 7]F) (em/sec) PR E [ e
mm) ) Wen &EYU Saxena Eqg. Babu Eq. fom/sec) A ;TI/(S;—C?)H
* 2 =7 %)
18 8.53 15. 3 17.36 224.9 9.0
800 3.56 6.52 7.56 223.1 7.0
0.33 850 3.46 6. 34 7.36 223.2 7.0
900 3.37 6.18 7.18 223.7 7.5
950 3.29 6.04 7.0 224.1 8.0
18 17. 16 29.2 32.7 344.7 16.0
800 7.51 13.69 15. 88 342.1 15.0
0.48 850 7.31 13.33 15. 47 342.2 15.5
900 7.13 13.00 15. 09 342.9 15.5
950 6.95 12.71 14.73 343.6 16.0
18 22. 46 37.0 41.2 410.9 20.0
800 10.20 18. 56 21.48 407.8 17.0
0. 56 850 9.93 18.06 20.93 407.9 17.0
900 9.68 17.62 20. 43 408. 7 18.0
950 9.45 17.23 19.95 409. 6 18.0
18 37.89 57.4 63. 15 599.5 43.0
800 19. 58 35.20 40. 53 594.9 -
0.78 850 19.09 34.27 39. 60 595. 1 -
900 18. 62 33.50 38.72 596. 4 -
950 18.18 32.81 37.89 597.6 -

SiStash 23 H M43 198541 8



@ :0.6m/sec ;s
370 > 10.9m/sec / /
1 1.2m/sec J/ /S 4 p
M 1.5m/sec /S s J/
350 71 1. 7m/sec / Vi %‘D
AT 1.9m/sec / P 8 s ,J
a

330F +10%// A s
/
+59%
310f ay Ady'fg'
290

=10.89

Theoretical Value of ho(w/m’ C)

R T R - e
Experimental Value of ho (w/m?*C)
Fig.5. Comparision of Experimental heat trans-
fer coefficient with theoretical heat tra-

nsfer coefficient.

tle |o
>

Ol
Qe

2 AY z2A0E A1 4P FFEEFS 60-
70T BHex g Fslo ¥al 180-210T 9 lol
22 2ddo e AY2EE 200C 2 7}240}
=3 FE55W T Helel ¥EE 2% ohﬂol
2 oo Reld 4 e Mrksdel @
&5t
\;!,:1V

A
shef 2 o2 o
A9) 2 FE A Azt vl FoAe
2 vebgch o] ARE
Al Abaled 4 wlagh 2zt
ol 2] slodch (Fig. 5).

2 Alof A} Hapel ofdt ‘“’é% A A
olojmd 7| F 244l F7t
stz Babe) odgke Fobgchn & 4 olAllch

o

Fig. 6 ol 4 f-5% Hdel AT 47 +&
u]
O:

nlo] 7af|ute] Eale Table 1o 2ol
2 5ol 7t sl ot B A AE
0.048 dp
7hA a gl Alah AR A E

S 8 %ol ey 2

o)

AHd e 10%

o
o)
~N
N
m:"-
.
_
i

o] A Ags zdor A o
'5}°i"”r of7|q wed ZlHfEel FAEsE A
F7b Fohstebrt AnAe ®o) F oA

011 odeH(l, 22, 23).
M ol zkot Head el A FAl7kol

Lis

FAHAY Afolo) ddnt £4 219

el 1 _"T‘—_ﬂo{]/\ 7+a3
flux & 7 4ebAl Rek % o4

% 44
& Aol of ol a¥ye

A A5 HolA sch
€ ddd Alse T 7HA
% & o2 23). ode AFAY AE
& Kim(1)ol o3t% 7ale] dAsss} A4
4ol u] 1-:— e 0.5-2. 4% wlalgcin
A & AT
+ gleh

SEERIEIEL S S E

8k 1. packet & A &A4] 7\}% Ed gl

G AR R
1

{

saesel 3t

5l ARl 0.5-1.0%0 vads o

g O s
i 3e2 F7t

sHAl B¢ A9l

o a
A & 4 odrh o)A BEe] RS Yalz
71oll 0.2 %0l dbela] 51z} 9t packet o] A &2z

0.6 %ol vlalslez HEA)7e] ddke] v 228
izt o] g5 HEFA 7] FobA gAel HF
et Frbstez ddAs7 Sohget obge A
Azt Hol A" Adee & Ad 17401]*15‘
0.048dpel =& Ql#xta 77}t 2 T
7b Frashed AR gl Fastag AA

Al4e ZrbabAl e,

~g 350F

>
=
= 0. 48mm %3 !Q“H“J‘—%(
S b f"—“—""ﬁ“'t 30T
5310 e 5 o
:"5 —-————R__*’__' 800T:
< 290 )
© 0. S6mm & YT
= 7t 90T
£ 270 9s0c 80T
§ 900 00T
850 .
£ 250} S0
3
s 230
210 . N N s N L ., N
0 0.25 0.5 0.75 1.0 125 1.50 175 2.022
Air Velocity (m/sec) (hot statel
Fig.6. Theoretical and experimental heat trans-

fer coefficient.

Experimental data:

0. 33mm 0. 48mm 0. S56mm 0. 78mm
£~ 950°C A 950C 4 950 A 900T
[ 900C o 900C P 900C
850 ® 350C - 350°C
& 800 & 300T ¢ 800T

HWAHAK KONGHAK Vol. 23, No. 4, August 1985



220

370+

L
W
]

330r

dp=0. 48mm
bed temp=850T

@ 0.6 m/sec
1 0.93m/sec
1 1. 23m/sec
. 1.52m/sec
. 1. 72m/sec
:1.93m/sec

310

Heat transfer Coefficient (W/m C)

290

) 2

270

e,

0. 25D yea

Cooling tube position

all 0.5Dsea

Fig. 7. Effects of cooling tube position on heat
transfer coefficients at various air vel -

ocities.

ﬁr

wel dAY Age
o 10-13% A= %7}'
2o} E3tE s}t W uﬂ“ °2
559 drhedl 2
2A JeltE A
dEetus A

o 71z pEe vt 2
A2z} At A i‘%
wrp 2 Epe ofe}
eedenberg(24] 7} F2

\_

0

kg 3
2 -2, ¥2|%E (freeboard) L{e| FXME A
SR ol Folfdol WE At A4

H352 Fig. 8ol Bo3F 1 olch of 7|2 M Eo]

715 e Frkell wet ddgt Al

om} gt Lxof Frlo wrel

T

v

= FheE
],

o
2 Big

e

&t M237 X4z 198541 8

shets

o - AabE
160f dp=0 48mm
o
s 140}
~~
S
S120f
8 950°c/ A
Sigob 00T
w
g 8501
3 g} 800T
60 . A
0 0.5 10 L5 2.0

Air Velocity (m/sec)
Fig.8. Effect of gas velocity on freeboard heat
transfer coefficients at various bed tem-

peratures.

&37he Flu s o vjabgul
b2 Feluede 4t o
Bt grlEe Sk 3o 31k
°h£g/l S7H22) o dAbsh dd
237t Fohsh7] W geleh, 2257}
= FE3Hel 49

el &5t A4
3tod A{ (Fig. 9) 7|

e &

o]

2
=
o

Apol o]

w

7047}'\4

M o2 oo g8 3o

.Z;
[=

2 01‘}

A1

deldat 27]7}
7}3ke} (Fig. 10),
o] 2l F7)el A Y
| Z713led A Ab7)%) o]v—i
ghoh

£ AgolAe Fejrzuo dAd Al 63~
168W/m K 9loil 4] W 3}3ldct. ol Leon(21] 2t
#H 23] A4y AN 10-110W/m K) Lob E4
el ol £ Algl bAoA A Al S ol A
o # ok o] Folrl 50emE A H oz oA

°ol&
ol 2k

[e]



FE53 A4z DAY Alolo) PG E4 221

Bed Temp, —9000 ulatEubsl qlaokol Be AR splashod iz &
160 dye odode ZPHHES e Molm o
® 08 mise G Al A
5 1ot 5 i%rnm;;e AU AR G AS e
E B 1 Tom/sec AUAE AAH Aol uheb Fito] vokeh o)
3 27)& GalileoF 2, §49 9382 Reynolds 22
0 FA 5t £xo Gdake Erle) WE, dy¥sE T
2 o Zeholch Sabol thgk doHe 10% ol ol =
E 2 ol meisha] gkl dAHd Al4E  Nusselt
© 100F o] wla o 2a v
: 4o B4z BAGold 4BAE 7Y AT o
7 3 ek 5ol dAase) YA 45
E e s 7h&dl (1/2 Db) <l )
§ Nu=0.40 Ga*%* Re 13
= AT 4 1 0. 99,
60k dxzhel 97} 1/4 Dbl
Nu=0.41 Ga*™ Re-v 14
ARAF 0,991 Al Fo W4 HYE 107<Ga
40 <697.6 ol 1. 1<Re<8.0 o]},
0 0.5 1.0

A71 A (1951 (4o BEo] d-LI 9o

Particle size (mm) v
et A =ZA 7Ltﬂ)‘° Z l-o hti 3Lz oLoL :
Fig.9. Effect of particle size on freeboard HA | 7 o] 215l wistabal ket
Pt oz AALAGTE FF5 0.065 ut
ol sla 9lxpa e 0,155 whulalsls oz
HERA fduch Yxrel datel 3¢ o 4 3

£

heat transfer coefficients at various

air velocities.

=0. 56mm
.59m/sec Felreo}

. 87m/sec

L dp

140 0o

Ho

A1 24m/sec
A ]l

L

o1

A&

&
Nu=0. 65 Ga* Re*™ {15

ABAF 10.73019 7|4 7 4ol WL

149<Ga<2890°] 2, 0.47<Re<4.0°]% t}.

o 7] A °é'14t174]*‘— A== 7) 9 078"01] Hl

s

[l

<
T

50m/sec
70m/sec
93m/sec

100}

Heat transfer Coefficient (W/m* )

80t sl sl i, $-49 01850l uadch FEFEH
L alum R Evel el Qatzrleh g7)
i Frdrol A-uAGl ol AE odgbol 2 hehie)
e FersdeAE G S fEEd
ool Homz §EFHolde) FEol wE
750 800 850 900 950 1000 e atd ot g 9l7bElA #slsls] wFo g
Bed Temperature (C) A 7hx o}
Fig. 10. Effect of bed temperature on freeboard >4 =
heat transfer coefficients at various air = =
velocites. AT Bslol oo A2 ARL Qdgic)

HWAHAK KONGHAK Vol. 23, No. 4, August 1985



222 ubod &) .

1. #5534 dAagASTE 37175 wet
HAAS vwold 7adtn L5 27845 9zt
a7l7} AR 4E Fohsgleon Adde] At

db7gubeke] 1/4 A HelA A dAF ALE 2H

47 packet modelg o|83te] HAtdg

F5% A4z AAAE P HAHA
NADe 10%0l o= 2iseoz He ¥
 71dle Frole A& 714 0.048 Wi SlL- 2

3. Frcue] ddgdAe F7)F50
T4 2 dxtar)rt A4E4E, 227 FH3
£ Zrtslgeh

4. 9AL Al4E Nusselt+2 FA|3td 4 Ga-
lileo 42} Reynolds 49 #4282 F A8t}

g o
3

NOMENCLATURE

specific heat, J/Kg K
bed diameter, m
particle diameter, m

me o0

emissivity of cooling tube wall

—-

o

fraction of time that an immersed surface
is exposed to gas bubbles
acceleration of gravity, m/sec?

=2

heat transfer coefficient of bubble con-
vection, W/m2K

h,. : heat
packet conduction, W/mzK

v

transfer coefficient of emulsion

h, total heat transfer coefficient, W/m2K

k, : effective thermal conductivity of a bed at
minimum fluidizing condition, W/mK

k,, : value of k, in zone adjacent to wall,
W/mK

k thermal conductivity, W/mK

1, emulsion layer thickness, m

l‘ Gas film thickness, m

R, : thermal resistance at wall, m?K/W

R, packet contact resistance, m2K/W

T temperature, K

t mean contact time of emulsion elements

with a surface, s
U : superficial fluid velocity, m/s
minimum fluidizing velocity, m/s

23T M4T 19855 8

B ES

iy

o A4E

Greek letters

€,, . voidage at a minimum fluidizing condi-

tion
p . density, Kg/m3
o : Stefan-Boltzman’s constant, 5.67xl 08
W/m?K
Dimensionless numbers
Nu : Nusselt number, h,d /k,
Re : Reynolds number, U dpp‘/p
Ga : i
a Galileo number, d, 3p, (p,—p‘)g/uz
Pr : Prandtl number, Cpg u/k,
w @ fluidization number, U, /U,,
Subscripts
b bed
e emulsion phase
g gas phase
s solid
w wall
t total
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