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Methods to distinguish flow regimes in gas-solid fluidized bed have been investigated by adopting the concept of chaos
theory. Pressure fluctuations have been chosen as a state variable for the analysis of the system. Pressure fluctuations
obtained from differential pressure transducer have been investigated using the chaos analysis (Correlation dimension and
Kolmogorov entropy) as well as the average and standard deviation. As a result, fluidization regimes in gas-solid
fluidized bed can be distinguished by statistics methods as the average and standard deviation. Also, Correlation
dimension and Kolmogorov entropy could be used to classify the fluidization regimes.
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Table 1. Summary of Previous Studies on Regime Classification in Fluidized Beds
Operating conditions
Experimental ~ Parameters Particle Particle Analysis Flow
Technique Studied System 1(3;()1 Particle densn)é size T(eﬂgl) © Methods Regime Source
kg/m’)  (um)

Pressure DP fluctuations  reUlating o 6607 pig . FCC 1623 166 ¢ SD Tarlos Bai ot al[l]

taps FB ’ * Silica sand 2220 519 " Solid hold up Fast )

Pressure FET Bubbling

t . . .

aps AP fluctuations  CrUlatng oS Silica sand 2600 300 2 Kolmogorov SMEEINE s aid e al[2]

Visual FB 850 Turbulent

. entropy T

observation ransport

Pressure

taps Bubbling

Visual : Circulating s SD Slugging

observation DP fluctuations FB riser 0.12 x 0.7  Silica sand 310 AC. FET Turbalent Johnsson et al[3]

Video Transport

recording

faresssure DP fluctuations Circulati 40

ps , reualing — ¢s x 135  Silica sand 2600 150~3500 FFT Bubbling  Svensson ef al[4]

Optical Porosity FB 850

probes variations

Pressure . _ . Polystyrene 1102 560 Kolmogorov ~ Bubbling

taps DP fluctuations FB 0.1~0.8 Dia. Sand 2640 200 AC entropy Slugeing Schouten et al[7]

Electrical Average Bubbling

capacitance Solid fraction . Glass Slugging Makkawi and

tomography fluctuations FB 0.138 Dia. ballotini 2600 330 AC FSFDT Turbulent Wright [8]
Transport
Bubbling

Pressure DP fluctuations 13" 0 083 Dia.  Sand 2600 200 AC.  FFT Slugeing - van der Schaaf

taps FB riser Turbulent et al[9]
Transport

DP, differential pressure; FB, fluidized bed; FFT, fast fourier transform;
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2.1. AM2XIE(Correlation Dimension)

S QF Azl NI E Uehl: e (correlation
function)?] C(r)= 23} Zo] #&g 4 glomz

C(»)= lim %
m—0

[ number of pairs (i, ) whose distance |Z{t) — ZLH|< »] )]
o)z Asehd e Aoz w0,
CH=lim gy 3 HLr—1200- 2] @
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AC, ambient condition; SD, standard deviation;
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Lif 7> | Z(D—2(D |
Hlr=1Z(0—-Z{D | ] = 3
0 otherwise
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9] 9 roll ol vHEE 22 AR JERE S Gl
iy = k #™ )
o714, A4 Dt % { Apolr, o] AAEC] AfE(degree of
freedom)E WERE A4 HEZA AME 5 STH10]
2.2. Kolmogorov A EZ |

Al(system) 2] 7F9.2 @4 oo

A
9

AAZA FLo Al 7Eo
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Table 2. Fluidized bed Facility and Experimental Conditions 4714 K42 kolmogorov IEZY], K7 Y 5= UCH11]. &=
o 3 {8

Fluidized bed [m] ID. 0.102 % Height 2.0 A Koz FheAlE AAshed st A5 #7449 (rand-
= L s -

Distributor type Perforated plate omness)®| EEE wAsh=t o]8d ¢ T

Orifice diameter, [mm] 1.0

Particle properties Silica Sand 3. },é_[ .3=‘.|

Apparent density, [ke/n] 2,590

Average diameter, [mm] 0413 B ool A AL Z)A- A F-55-2 Figure 1914 1= vlel 7+

Fluidized gas Compressed dry air o] Z170] 0.102 mo| 2, o7} 2.0 m¢! ela™FT o7 AR gl

Gas V€lOC1't}'/,' [my/s] 0.02~3.0 2240 Bl Aol 0413 mmo©] 1 L E7} 2,590 kg/m3°] QIZIFA}

Data acquisition system 2 AMgslglon, A% B SekAo]7)o) o8] AuA oz §%

Pressure transducer Validyne, Model P24D =

H‘l

= WY Y= perforate FE2) EAHAS Fote] AlFE UL

Sampling rate, [Hz] 800

i i %Zj'g_ %Eﬂj L% AT 2 75] ] 6.5 mm¢<! ‘}(tube)oﬂ ] /\@E]
Sample size, [points] 16,000 glom, o] BEL FAROLEE 02, 04 mo] YAoA HEZ M
. ol Bawlo] Bo] ol f550 FAbH o= AXEgh B
vent 9 E2 5 229 §Y2 9] 2181 400 mesh 2] Oz Yol ¥
stk
e 2E 3t probec] AAE ASE WEZ|(Validyne, Model

P24D)el 9Jaf 4lE =z = e, o] S E A/D HE7](DT3001
Lab Card)el 2|3} vlx[€z 75E o] X%}El‘ziur 16,000712] 3= @
% 2122 20, 50, 100, 200, 400, 800, 1,600 HzS| £52 48190
o, o] ] £ AIZFE 60 secE STt (A9 wlES FAlH o2 R
B 1.80 m olo] $Asl, 7]Al= AlolEEE A 488719 ¢
7 Oﬂ A% HE(ceramic filter) 2} 22 ZH B (pressure control valve)
AR 72 HEETE ity gellM Agst A48 gAY
&1 A9 27EE Table 20 Lot} ey glch

1 riu

1L =

B ol M= 71423 550l BFYE ] ¢ste] ¥
Qs Ansgd S50 U DA Figure 2015 AR5
E BT 58 fElA Amsy S27F 20, 50, 100, 200, 400, 800,

1600 Hz®] =719 43 Qas& vebd Ao|n, o] & Qg digk =}

48 7VdREae] A9E Figure 30 UERISICE A7 1RseE Aol

. 275} 71w el 0] NESE ST 5 Y vl S8

; How duA Rom, S55 WgTIel Age] s F7140)w

N N 19} 18 Al B #7402 Solm, shesgeld At 00 59

 idized bed 2 Disuibutor S, B517) 9ol 0 2HeIA §90 welris). 1aeld

. Air box . Cyclone o olE A _ STALO

5. Hopper 6. Flow meter =, TA AAI 20, 50 k:ioﬂ 1;4 A7V Uf FETHE 100 Hz ©)4+2)

k= ST

7. Control Valve 8. Air compressor Az SE00M g e 018 ol Ve Aoz FlEHg
9. Differential pressure transducer 10. Amplifier o} 11 FoIAE 800 Hzel AS7) $h42] Ftol A3 velstod,

11. Low-pass Filter 12. A/D Converter J1eE g B oA 800 Hzl A4 Sroa 48 dgaE

13. Computer o 4155 o33l shHsak

Figure 1. Schematic diagrams of gas-solid fluidized bed.
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Figure 2. Effects of pressure fluctuations on the data sampling ra
in bubbling fluidized bed.
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Figure 3. Effects of autocorrelation function on the data sampli
rate in bubbling fluidized bed.
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Figure 4. Determination of minimum fluidization velocity using
pressure drop (a) and standard deviation (b) in gas-solid fluidiz

bed.
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Figure 5. Determination of minimum fluidization velocity using
Correlation dimension (a) and Kolmogorov entropy (b) in gas-so
fluidized bed.
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Figure 6. Definition of transition velocities Uc and Uy based
standard deviation of pressure fluctuations.
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Figure 7. Determination of transition velocity to turbulent fluidizati

using the pressure drop (a) and standard deviation (b) in gas-sol
fluidized bed.
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Table 3. Summary of Fluidization Regimes
) Predictions %
Source Equations
Unr Uc [Error]
3 0
Wen & Yu [20] UW:(¢) 33_72+70'0408‘2ﬁ"g"ﬁ 13.16 - 19
) dpog ¢
Grace [21] Reny=(22.7%+0.0408 An) "*—27.2 1808 i I
U,y =0.00075 d0 52/ 12, ‘
Kang [22] Reny=(35.712+0.0408 A7) * = 35.71 13.00 - 20
Chehbouni ef al. [14] U, /(gD )" =0.463 Ar"'5 - 165.22 20
Horio [15] Re,=0.936 Ar'4® - 222.57 61
Lee & Kim [16] Re,=0.7 Ar'4®¢ - 181.71 32
Nakajima et al. [17] Re,=0.633 Ar’*7 - 140.31 2
® From differential pressure fluctuation data
® From absolute pressure fluctuation data
° From bed expansion data
55} 4ol g 9lo) el ola) TAZoIN Wi HESAK e % 72 3
= Utk A o2, AT A3 Kolmogorov AEZ T 9} 4-2 &
g2xo) Y oT T HEF oo By ALLE 2= 9lalr . .
g{_? g« i E}V 39S ekl ARed 5 Sllh 1. D. Bai, E. Shibuya, N. Nakagawa, and K. Kato, Powder Technol.,
olglgt AYEE ool et JRdAANES vlm & 5 AT 87, 105 (1996).
2. R. C. Zijerveld, F. Johnsson, A. Marzocchella, J. C. Shoutten, and
AMAE 7 = C. M. van den Bleek, Powder Technol, 95, 185 (1998).
3. F. Johnsson, R. C. Zijerveld, J. C. Schouten, C. M. van den Bleek,
. . and B. Leckner, International Journal of Multiphase flow; 26, 663
C(r) : correlation function (2000)
De : COIT_elaUOI? dimension 4. A. Svensson, F. Johnsson, and B. Leckner, Powder Technol., 86,
dp : particle diameter, m 299 (1996)
g : gravitational acceleration, m/s’ 5. ). Wiman and J. E. Almstedt, Chem. Eng. Sci., 53, 2167 (1998)
H : Heavyside function defined as Eq. (3) 6. H. T. Bi, N. Ellis, I. A. Abba and J. R. Grace, Chem. Eng. Sci.,
H(X),H(Y) : averge entropy corresponding to X(t) and Y(t), bits 55, 4789 (2000).
H(X, Y) : averge joint entropy, bit 7. ). C. Schouten, M. L. M. van der Stappen, and C. M. van den
k : constant in Eq. (4) Bleek, Chem. Eng. Sci., 51, 1991 (1996).
K, : kolmogorov entropy, bits/s 8. Y. T. Makkawi and P. C. Wright, Chem. Eng. Sci., 57, 2411 (2002).
Kag : Renyi entropy. bits/s 9. J. Van der Schaaf, F. J(?hnsson, J. C. Schouten, and C. M. van den
m - number of data point Bleek, Chem. Eng. Sci., 54, 5541 (1999).
o . 10. A. 1. Karamavrug, N. N. Clark, and J. S. Halow, Powder Technol.,
p : dimension of vector, Z(t) 84, 247 (1995)
p : probability density functi f X(t ’ )
R(X) ) Fl;m 4 Ildl Y er;sl y function of X(t) 11. P. Grassberger and 1. Procaccia, Physical review A, 28, 2591 (1983).
¢ + Reynolds number, 0441/t 12. S. P. Thomas and O. C. Leon, Practical numerical algorithms for
t : tme, s chaotic systems, Springer-Verlag, New York, Inc. (1989).
Uc : transition velocity to turbulent fluidization regime, m/s 13. 1. Yerushalmi and N. T. Cankurt, Powder Technol., 24, 187 (1979).
Uy : superficial gas velocity corresponding to leveling out of 14. A., Chehbouni, J. Chaouki, C. Guy, D. Klvana, In H. T. Bi, N.
pressure fluctuation amplitude, m/s Ellis, A. Abba, and J. R. Grace, Chem. Eng. Sci., 55, 4789 (2000).
U, : gas velocity, m/s 15. M. Horio, in Circulating fluidized bed technology Vol. IlI, P. Basu,
Ut : minimum fluidization velocity, m/s M. Horio, and M. Hasatani Ed., Oxford, Pergamon (1991).
X(0) . time series of pressure fluctuations, V 16. G. S. Lee and S. D. Kim, J. Chem. Eng. Japan, 21, 515 (1988).
17. M. Nakajima, M. Harada, R. Asai, Y. Yamazaki, and G. Jimbo,
Greek Letters Circulating fluidized bed technology, Vol. 11, P. Basu, and J. F.
) densitv. ke/m® Large Ed., Pergamon Press (1991).
Pg ’ gas' ensity. ) g/m s 18. L. D. Luca, R. Di Felice, P. U. Foscolo, and P. P. Boattini, Powder
o : particle density, kg/m Technol., 69, 171 (1992).
T : time lag, s 19. H. J. Ryu, Ph.D. Thesis, Konkuk University, Seoul, Korea (2000).
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20. C. Y. Wen and Y. H. Yu, Powder Technol., 96, 129 (1966). 22. S. H. Kang, Ph.D. Thesis, Chungnam National University, Daejeon,
Korea (2003).

21. J. R. Grace, Handbook of multiphase systems, G. Hetsroni Ed.,
Washington, DC, Hemisphere (1982).
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