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Abstract — Characteristics of minimum fluidization velocity and pressure fluctuations were investigated in an annular
fluidized bed whose diameter was 0.102 m and 2.0 m in height. Effects of gas velocity, particle size and bed tempera-
ture on the minimum fluidization velocity and pressure fluctuations were examined. The values of minimum fluidiza-
tion velocity obtained by means of three different methods were very similar each other. The correlation dimension
could be a quantitative parameter for expression the resultant complex behavior of gas and solid mixture in the annular
fluidized bed. The value of correlation dimension increased with increasing gas velocity, fluidized particle size and tem-
perature in the bed. The minimum fluidization velocity could be determined by means of correlation dimension of pres-
sure fluctuations as well as pressure drop in the bed and standard deviation of pressure fluctuations. The minimum
fluidization velocity increased with increasing particle size but decreased with increasing bed temperature in annular flu-
idized beds. The minimum fluidization velocity was well correlated in therms of correlation dimension as well as oper-
ating variables within experimented conditions of this study.

Key words: Annular Fluidized Bed, Minimum Fluidization Velocity, Pressure Fluctuations, Correlation Dimensions

LM E
sEelg

A B A FeleA) o) ukEe] vjo]
o} a2t S o

KX
Anka] Aelof] ks wE EAI o R Qe IR

*To whom correspondence should be addressed.
E-mail: kangyong@cnu.ac.kr
o] e laflotin 4499 mAd el AdE ZIdelel Fasgir.

707

Sl 7 o
ERlaL otk &, HZekrEe] ditsl] Xels d@r)Ee] Ags) A
g} 489 sl T 7 HAE sl Ve siddithe
HAAZ o] Ao} i1, 2]. H Ze|AE o} AE M F2&
AEEE B3] TP = A g 3|57} gols)
W 1 9] Adue 7R B O E SRR IgE] AEE
4= 9lo] thE T2 ZEkry wr1ER A g Sl



708 A
T T o] Har QItH1-5].

ZZoll= HPS(polystyrene)E ©]-8-3t0] 2.9 &7} AR o
ZA o] A eE =o|7] $Igt A7) s ey glom, 1
Aot FACIAG BA)e] HEFS A7, a4 9, A
5 A99] £, e aAETY EAAE 22 58S 2
I Qe free WHV1E ARESte] # EEAERE Fis) s
$et A7 8= 1 Qlek, a3, AR HEeaE 0] sl
FE I ST |E ARSEte] ghont 314 WhgY)E A% 2%
9] ofg o] Sl Wk ofg} W ok ZERAE H7|ES A
371 QA 2 Fo)7t ulg- ARk sk AV wARE kL
ATHS6, 7). F=SE St wEgT1olA # ZEpAES Gl 3 A
AdElE 1A AR ks Fvle] 2S48 anA oY
9] 3|7 2B TEEA| 9] 3 E flst AEke)] A7tet Y

njA gt ofeh 22 wAlE aidsh] Sl ARkl 13k
2 A2l @ WEE s ikeTE ARl aabs o R
ks AAIE ®arent Qlvk fESRE 710k ke AiEal
= 2ER SR 783 st 2dES A AL w71
o] T4 el AARe] Aol BRE (tan)= HoRSMl Tt o]
ez e] 3]l Al fes REe7] Uil Svle] 2493k
AN - FoFh W ' ARl BEE Atk ghgehd AR
3 379 eliAgd o ARgsh= 2o axtdd 4= Sl =, ¥

PSe] A¥a| T P& BlE ARG dArshd e oo o]
wAstE  ou) sk S gHgsto] Hpse] ditsl] vkl A
gah vlg- AAAY = ek o] 9} B2 Aol Zklslo] Bl AR
o] Azvol|A] WYEh= AL w9 FrHoR 3)43Ete] HPpse| 4
ol Wk3-o] ARR3A}F annular® ¥1-8-717F A|QkE a1 QTh8, 9]. 1

g, AF71A] olel] tist A= il wlEet Aot

Annular F-52-°14] 713 (bubble) “dZ} l"d7 (emulsion) 3] #
e 2GRk o2} 71 2HAIES] A, A 24 el
&< annular 5% 172 4 A54E UeREE,
71322] Aol 23t annular F552] B1AE sl
oM 2] eskal EAL annular FERS] BESV1E AMEE S
UlellA] G, B4 g it opg) RES- Hggol=
" AAR}E 122 E annular 455 159 &

)
=

H]v

o J
il
m

o i 2

fu = e o
i
1o

BaAom ngshy] SlEid 71328 Al ot 53 Ui
o] ¢+ 25 (pressure fluctuation) 5= Xsh= Zlo] ml$- &

om, e aEe o P79 2HE

R -
kKl %4, 2 o

et S

tfate] aatSivt. =, annular 55 RS2 2 ERske) S
21 Befe] §Ixp A7 7F HAfrsskiell vixE de aEst
slom, 7] ke o] ek E4 vxls g3 A
E3I3IT) el o1 annular FE5 RS0 7119} 11
Ao Awoll vt G oS Fo Al i ekt
Ao A o AO M annular §-55-5 Bl SkAL
T4 0% thgSh(scale-upysh=tll B9l F8H AR5 At

1Tt o1
A} AT

Al

S

2.

£ AFof|A ARE3E annular F-559-87 1 Fig. 1914 & 4= 9l

sjstgat

Hl46H Hl4= 2008 83

. /‘\_]Oﬂl/\]— .

3 & - 2EA
o] Hps GEEE 3 U WH37]E Fol7) 2.0 mo] it FFo]
0.0508 m?] SUS 3162 AR-31%1 o, w|PSe] Gitsf & Hi= A}
(EF2)e] A4E {8k 27 ¥-E7]= =o)7t 20 mo] 3L A7)

=
=

0.102 mS! SUS 3162 ARSI 7141 Ax A9 4=37]

A3, 34 QAR W 9170) 0.220, 0.400, 0.625, 0.765 mm

o)1 FUE7} 2600 kg/m*l Bl RS ARSI oM fE oAl
UAFE] =492 Table 10 WYERAI WkE7]9] &5 673, 773,

873, 973K & 4&= Wgslalch.

Annular -5 WFRES712] 42 perforated plateS AHE-3F
o QHN-S7]i= ring nozzle FENS] FAkI-S ARESIo] WEE-
7] Uil 71218 fdetsict. #hg7Iu S es-s S5 $1al
ke ® HE 03mel 04 me] S|l 2FehH 3] (differential
pressure transmitter, Validyne, Model P24D)E dX]&}3] 0™, 97
W-g- 27104 annular 550 74 Eol E2aigis W 4
et 2 ARk 85s S fss Ui
Aokt ARSSE wbes Eo BHe Fafu|o] Fo
WA hE=E e o, ubed] B & A
21811 400 mesh®] WO = o} ARGEFGITE. o WET|2HE
e F55 el ¢EAE = A/D converter(Real Time Devices
Inc., Model AD2110)ell 2J3ll TIAE A& & vl computerol] 4
=St A ARH AN U QT data 300 HzS] 52 =
skl o, 57 AlZES 20 sec® 3199 sample data®] Aol 6000
NE B3t

=749 8 WE A% B4 XS sl o WMEAs A}
82 2AA w2 AL, 12]. &, gEwE A5 A8S

Fig. 1. Experimental apparatus.

1. Inner Reactor 13. GC.
2. Outer Reactor 14. Cyclone
3. Thermocouple 15. Flue Gas Analyzer
4. Distributor 16. Dust Filter
5. Heater 17. Feed Hopper for Combustion
6. Preheater 18. Feed Hopper for Pyrolysis
7. Flowmeter 19. Temperature controller
8. Control Valve 20. Differential Pressure Sensor
9.N, Gas 21. Amplifier
10. Air Compressor 22. Low Pass Filter
11. Condenser 23. A/D Converter
12. Receiver 24. Computer
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Table 1. Properties of fluidized solid particles

. Mean size, Py U, (cm/s)
Particle d, (mm) (ke/m?) at 298 K
Sand 0.220 2600 3.70
Sand 0.400 2600 11.65
Sand 0.625 2600 20.12
Sand 0.775 2600 21.18

AR JeERZ] Y38l A4 (correlation functlon)— /\}
Gt S AR VAT, Cop thr Ao® ¥dd
ATH13, 14].

o 1 d
C(r) = lim — e 1),-=,-=Zl,,-¢jH[r_|Zi(t)_Zj(t)” Q)

o714, me AHgleh= AkR2] 5 YERHIL HE th 2lo=
Al¥]:= Heavyside 30|t}

]

H[r—|Z,()-Z,(0]] = { Lif r>[2/(0-2,0) )
0 otherwise
B2 AR Crys hypersphereiﬂ W r
Jhi 02 LR 5 Q= 4 314 D,
AAAS JER PR A 3)02RE F
Apse] 3 A4ee st

FAR R Heslo]
] EHgH A (3),4 7L3 A
Aelahs FAARS

AR Z7004 e BT

T

_%rlr

C(r) = krPe 3)

3. 21 ¥ 0F

Ml

Annular 554 S4E 714 7552 ‘?ﬂi}oﬂ s A9
HHeEo] AEE Fig 200 L}E}ﬁ?\i‘?} Fig. 2°1 A
714l 58 STl whet b 250 WERS 7 ]1 Asre 5
7¥eh= 2t & 7 Sk ol2fgh dAS 11194 <50l Skl
R R B M g ol o) TR S e S B S e o A e
AE ¢ Qo 8T g WEL 3bE2 ofUx|E e
U=, a5 witelld 71329 A717F S7gkel wet 7]zl =
Bohz FHo] STkl 7129 s S e R R VR0 @
& ouAlE Sk Hol f4F 259 duAE vkl 2152
S7retttal ARE gk, st 7)A1e] f&e] Sk s
el Fel = 7]i1]91 OEO] 7k Hedl 7AIE s Ui
MU BRI V12Fow EASH HER 7|9 st St
stA Eo 48 259 1%7} S7¥ekA HrH1s, 16].
Annular 55014 71H9] 5501 fres Wit Al delx g
%E—ﬂl ZFatell vl ]L F&= Fig. 30 HERHSIT. Fig. 3914 =
A5z0] 71A|] o] vk 1T WLlell= 7IAl 59 '“7}01]
w]'al' annular ‘rr%—o‘-J o At AL AR A e w ST 7]
Ale] fel A Skt o= A oY W 53 WiellA
Fehs 714 158 Sl Etskal 719 A iA=
2= Sl o9} 2 o AeRstE o) 8slo] 7t e &
M fEsitelr Ha f53t S5 AHsIItHI5, 16].
Annular 8504 714 el oY Q5 AR o] mEEA)
(standard deviation. SD)°ll P X]= G-E Fig. 4ol YERISITE. Fig.

r_{

N

o 1o
H

1

[RUS (e}
mlo,I
e g

1.0 UG=4.23 cm/s
0.8 PN e AANAN N LI AAANASAANNA NN

0.6 -
04 -
02 |-

AP [V]

1.0 | U=6.35 cn/s

0.8
04 |-
02 |

AP [V]

1.0 - U =7.4lcm/s

AP [V]

AP [V]

02 d :04mmT=673K
0.0 . ] \ ] P ] \

0 2 4 6 8 10
Time [s]

Fig. 2. Typical examples of pressure drop fluctuations in annular flu-
idized beds.
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Fig. 3. Pressure drop variations in annular fluidized beds (T=673 K).
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Fig. 4. Effects of gas velocity on the standard deviation of pressure
fluctuations in annular fluidized beds.
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Fig. S. Effects of gas velocity on the correlation dimension of pres-
sure fluctuations in annular fluidized beds.

itell A== 713e] A7)17F AR w3k 7138 ks £}
F7¥etodA s UlFelA 7138} 1A JAte] 5 Aol fs
AP} 22 79 W Bidstar nladgdo] Skl Ase] o
Zo] HA o YA7] WiEo® A E 4= Jlri11-13].

Annular f-55°A 55 W] 2571 o 95 Anel
 2pef] wA= PES Fig. 60l YERNISITE. Fig. 6014 & 5= Q)
Zo| 552 257t 71kl WA A3k, D > F71s)
R, ol 5 =59 Tk 7IA1Y] AREE SURIA
Tk otzt 7112 FHE WA Wt fhash] iR o E AR
Ho} F, 714 Weg) Fhiel et s vitelld dsshks 71
o] greo] Fhash, olejgt e Thay 7|l FAA LS F
7WNA 71328 A71E F7HA1717] WiEolth kA 713 A7]9] &
7h= 7138 A9 Ao)aL AN AFe SUFE THA 9 e
Up-e] Ass B3t whe7] witell e S AR Ak
< 7kt & S Qloh

o]} 2ol annular 554 £HLEL] H3k= 55 Ul
A gl HiskE T e E 250 Hst fF YAk Ha
53 ol vA= 92 Fig. 79 eIl Fig. 704 =
T Axol BE A=l tiste] e Ui &9 Sl wet
R ‘?JX}E] HAEsEEs Hashs 2e & 7 Qo 59, &
ARk A HAFssE ] Wt 2 o ARS Btk

Annular 530l -5 QA 7Y f55 252 Wl
ue} fs 7o) Wsleln® o]of wet {55 tiellA] A=

71328] ZA719) A 9 s &5 sk WEleh f-s dAke) 71
7] AHEFH 55 @ o] WglslE R olejgt WslE AR
HeER = Sl o Q5 A4R0 A ARl Wsle] mE fF o
o] #HAa fredt R0 WskE FAkT e ®sto] Fig. 8ol UkEt
wigltt. Fig. 84 & 4= Q1=©] annular F-&55ol4 & A
i 753 E5E 7I£C0F 3 dlo]E=(Reynolds number)i=
o 9F AR Aduakdgio] A uet SUkhs AS &
T Atk o]g} T2 AP BRE 5 YA Hi fed S
= e 0% A5 A A gk R 2] 4)9) o) vekd

‘(Yﬁo}ﬂ



Annular §552] FAREIEE 711

[ 0 A v < P
|| UJU [[]: 125 15 175 2 225 25

L 1 I 1 L 1 2 1 L 1 I 1 2
300 400 500 600 700 800 900 1000
Temp. [K]

Fig. 6. Effects of temperature on the correlation dimension of pres-
sure fluctuations in annular fluidized beds (d,=0.4 mm).

24

0 A v
dp [mm]: 0.22 04 0.625 0.765

20

16

12t v
8¢ A
4_.\:\"\.“_'

300 400 500 600 700 800 900 1000
Temp. [K]

Fig. 7. Effects of temperature on the minimum fluidized velocity in
the annular fluidized beds.

[cm/s]

mf

U

I Aem 4 @)2] A AGE 0970130

d,p,U
_E%l’._!f_f = 4.05 x 10~ Ar0-950D 0006 )
4

Ao A ke 719k eyl 2l st 'ﬂ'
E Fhf-5315 w0 W3S Ergund] [1813 Wend} Yuo] 28221
¥} ) w3le] Fig. 9ol YERISITt. Fig. 9= A3 oz 549 TrE
AR HA f58t 28 Vo R 3 I A= vl
Reynolds ¢} f-& YAk27] B IAPUEES Yehli= 14 5
A2 54 283, ZIASACIAEE 2 AL E)9] gpd
Archimedes 5=2] 044"* S UERd ZQ1d], Archimedes <71 5718

of] me} 719 AEA 07 Reynolds 77} 7161 He= 22 &
Atk Fig. 90ll4], & A7) Avh= 7319 AopEr} o uhe- gk

10
o @]
(@]
1
= F ()
=) ° /o
[ fe)
‘Ug le)
Il
6
~o0af 8
F o
001K i i
0.01 0.1 1 10
-4 0.9507 -0.0607
4.05x 10" Ar DC

Fig. 8. Relation between the U, and the correlation dimension of
pressure fluctuations in annular fluidized beds.

10 e
E 2,0 e
@ This study ,‘// 4
----Wenand Yu /.",’
----- Saxena and Vogel R

dp U /u, [-]

emf -

R

100 1000 10000
* (G )g/u [-]

P g

Fig. 9. Comparison of Correlations for the prediction of U,,-in annu-
lar fluidized beds with of those of conventional fluidized beds.

& Vehigli=, ol AHES QAL WS 2], FHE 18]
3 BB W JFE Bl ohlek f552) T2t Annular 3
) wEo = SAE 4 eklel. & A7) Avel B AR
EE] H2RF I As] AL 4 (5)sh Lo vehd S
QAgii=d, o] Ale] AASE 0.97% ARATET} 2 ARSI,

(]

U, = Ld( 9.932+0.0056Ar—9.93) ©)
pg P

4.4 E

Apse] T PN HEAOE AR Aelshn Al A
A YR AL 3)5sto] PSSl Shital gl AHEEo A

Korean Chem. Eng. Res., Vol. 46, No. 4, August, 2008



(1) Annular frs3uel <t & AEEFH v
(correlation dimensionye -3t RES7IUlelA 714 9 f-5 4=t
-4 A 715— A ow L}E}% T UMz, A gk

& 71AS 55, s ARkl =271, a2elan whgv1e] &t SR
of wt 57 ]'O]'Oﬂq'

(2) Annular 504 71A| f55<] Wsle] W& {55 U<
orel et wske}l o e AFwo] 5 wAke] ¥sh a2 ¢
SEAkRe] Al MslERiE Folxl firs iRk Ha
&3 S5 247 72 7 8=, ol HA ﬂ%@r £ %):t
7] frAksRaAT.

(3) Annular 85871014 s dAke] Ha a8t Hias
PR AV SRS SNl o w9 o Rt
<7l whet 7Haarsiet.

(4) Annular 5SS Ak H 4 a5t S5E
&5 U o o5 Akm ARk grel geeel Akl
=2 ek 4 ISl

=) JE
olo to

A

§}§ %LLJJF A ANL-G AR Ee] AH](3A-3-
713kl AR YT

A=

Ar  : Archimedes number [Ar=d;pg(pp—pg)g/u2]
Cr) : correlation integral

D, : correlation dimension

D : bed diameter [m]

d, : particle diameter [m]

g : gravitational acceleration [m/s?]

H : Heavyside function defined as Eq. (2)
m : number of data point

P : pressure [MPa]

Re  : Reynolds number [Re=d,p.u/i,|

r : radius of hypersphere

T : temperature [K]

t : time [s]

U : fluidizing velocity [m/s]

U, : minimum fluidization velocity [m/s]

Jzlo|A 2K}
0 : viscosity [kg/ms]
p : density [kg/m?]

OlH& Xt
g : gas phase
p : particle

3lerast w46 HM4S 2008 82

. Sasse, F. and Emig, G, “Chemical Recycling of Polymer Mate-

rials? Chem. Eng. Technol,, 21(10), 777-789(1998).

.Lim, K. Y., Jun, H. C., Lee, H. P, Kim, H. T. and Yoo, K. O.,

“Recovery of Styrene Monomer from Polystyrene Using Carbon
Black from Pyrolysis of Waste Tire} J. Korean Ind. Eng. Chem.,
11(8), 952-958(2000).

. Hirose, T., Takai, Y., Azuma, N., Morioka, Y. and Ueno, A.,

“Polystyrene Foams with Dispersed Catalyst for a Design of
Recyclable Plastics, J Mater. Res., 13(1), 77-80(1998).

. Sakata, Y., Uddin, A. and Muto, A., “Degradation of Polyethyl-

ene and Polypropylene into Fuel oil by using Solid Acid and
Non-acid Catalysts) J. Anal. Appl. Pyrolysis, 51(1-2), 135-155
(1999).

. Mertin, J., Kirsten, A., Predel, M. and Kaminsky, W., “Cracking

Catalysts used as Fluidized Bed Material in the Hamburg Pyrol-
ysis Process.’ J. Anal. Appl. Pyrolysis, 49(1-2), 87-95(1999).

.Lee, C. G, Kim, J. S, Song, P. S., Cho, Y. J., Kang, Y. and Choi,

M. J., “Effects of Catalyst on the Pyrolysis of Polystyrene Wastes
in a Fluidized Bed Catalytic Reactor; HWAHAK KONGHAK,
40(4), 445-449(2002).

.Lee, C. G, Kang, S. H., Kim, J. S, Yun, J. S., Kang, Y. and Choi,

M. J., “Characteristics of Catalytic Pyrolysis of Polystyrene} J.
Korean Ind. Eng. Chem., 15(2), 188-193(2004).

. Son, S. M,, Kim, U. K., Shin, I. S., Kang, Y., Kang, S. H., Yoon,

B. T. and Choi, M. J., “Analysis of gas flow behavior in an annu-
lar fluidized bed reactor for PS waste treatment] The 4th Inter-
national Symposium on Feedstock Recycling of Plastics and
Other Polymeric Materials, September, Jeju(2007).

9. Shin, I. S., Son, S. M., Kim, U. Y. and Kang, Y., “Gas Mixing

and Characteristics of RTD in an Annular Fluidized Bed Reac-
tor} The 20th Symposium on Chemical Engineering Daejeon/
Chungnam- Kyushu, December, Daejeon(2007).

.van den Bleek, C. M., Coppens, M. O. and Schouten, J. C.,

“Applications of Chaos Analysis to Multiphase Reactors, Chem.
Eng. Sci., 57(22-23), 4763-4778(2002).

.Kang, S. H,, Lee, C. G, Song, P. S., Kang, Y., Kim, S. D. and

Kim, S. J., “Radial Liquid Dispersion and Chaotic Behavior of
Liquid-Solid Flow in Liquid-Solid Circulating Fluidized Beds)
Korean Chem. Eng. Res., 42(2), 241-247(2004).

. Karamavruc, A. 1., Clark, N. N. and Halow, J. S., “Application

of Mutual Information Theory to the Fluid Bed Temperature and
Differential Pressure Signal Analysis, Powder Technol., 84(3),
247-257(1995).

. Schouten, J. C., and van den Bleek, C. M., “Chaotic Hydrody-

namics of Fluidization Consequences for Scaling and Modeling
of Fluid bed Reactors] AIChE Symp. Series, 88(289), 70-84
(1992).

.Daw, C. S. and Halow, J. S., “Characterization of Voidage and

Pressure Signals from Fluidized Beds Using Deterministic Chaos
Theory, Proc. 11th International Con. on Fluidized Bed Com-
bustion, Montreal, April, 777-786(1991).

. Kunii, D. and Levenspiel, O. Fluidization Engineering, Butter-

worth-Heinemann (1991).

. Chitester, D. C., Kornosky, R. M., Fan, L. S. and Danko, J. P.,

“Characteristics of Fluidization at High Pressure} Chem. Eng. Sci.,



Annular §552] FAREIEE 713

39(2), 253-261(1984). Prog., 48(2), 89-94(1952).

17. Kang, S. H., Kang, Y. Han, K. H. and Jin, G. T., “Effects of Pres- 19. Wen, C. Y. and Yu, Y. H., “A generalized Method for Predicting
sure on the Minimum Fluidization Velocity and Bubble Proper- the Minimum Fluidization Velocity, 4AIChE J., 12(3), 610-612
ties in a Gas-solid Fluidized Bed? 10(3), 330-336(2004). (1966).

18. Ergun, S., “Fluid Flow through Packed Columns) Chem. Engr.

Korean Chem. Eng. Res., Vol. 46, No. 4, August, 2008



