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Abstract— Pressure fluctuations in the riser of a circulating fluidized bed have beén analyzed by means of stochastic
analysis such as fractal analysis and phase space portrait, to analyze the characteristics of gas-solid contact and flow behav-
ior in the riser. Polyethylene whose mean diameter is 0.454 mm and density is 920 kg/m’ has been used as a solid. The di-
ameter and height of the riser are 0.102m and 3.5 m, respectively. Effects of superficial gas velocity and solid circulation
rate on the hydrodynamic characteristics such as solid interstitial velocity, slip velocity between gas and solid, and solid
holdup have been determined. Effects of operating variables on the Hurst exponent and phase space portrait have been
also examined. The values of the Hurst exponent have been recovered from the Pox diagram obtained by the rescaled
range analysis of the data. The phase space portraits have been obtained by means of the rearrangement of the data by the
multidimensional phase space portrait method. As a result of this study, the concept of choking velocity is very similar to
that of transportation velocity in the riser. The Hurst exponent has exhibited its maximum value and the phase space por-
trait has focused its tracing within the limited boundary at the transition regime of gas-solid flow.

Key words : Circulating Fluidized Bed, Stochastic Analysis, Hurst Exponent, Phase Space Portrait, Gas/Solid Flow

1. M E

g Acge] dofuiz, 71 F5dAt 22l £3EE 24 9

TEEFE AR A S0 2AAFA, M
A 2 7kaskEA, etelvel & UAgs 2L vl 22
ddshke T4 Foll o+ E8H22 AMgEolA §HE B ohe,
UO2 FHRTEY FPEE o83l o] & FA 22 S8
€ A7 AR U - AE HEIL vi¢ DUsA 28
ATH1-6]. Z2ut, EHFFF2 7189 7| ERE5ol wlste] ¢
w2 522 2] Wiell 535 WrelA AslzEe] A

Lo
b
ofd

i
o
i

819

AE3e) 5% EHYAEE oS Adslold] 7129 7 E4EE
She 7 5888 B4o) oh$ ok ehdri(7.9]. o)sh & 7]
A-aAe] BERYL SHAFS Wrolde] Qugs gAML
a3 A2 Sl AR G TIAnE SRS
& TUAZ £8P AL, $E2 Mol F)al-nA) =
£ $43 54E e e Bel 558 masa ¥
dodx o dshe PYrcks AA-nie) 37 53
98 FEFUNF hehbe $RH S4¢ SAH wee



820 s R R LR P

A3 o] £ AAl &AEE A oy F3bd R E A2
+ lesiAle}.

TS WM ZlAl) 2AY A2 Y sEF4e o
2] A& oo} = ujAdg o)1 B2 - o] 0] £ (dynamic)el 7
olng Ag7tA] @el A= A 274 (deterministic) AHH o2
= 2 o] w9 ofe]-g #rt ofel, A9 x)ulubA 2] (governing
equationy& A|$lc} slelEls o) & E7] ¢siAe €L 7AF =y
< E8ldtodeolnt 2 diAe] rlsdtng o XA AAEA )
v WAl Agdhs % AE 2% 7FsAl o) gkt
[10,11]. o] &} 2+ b5 89] A AdA Mde =8 §4
#) (stochastic)q] HPH 02 wl-¢- E-8-o|n] Hakdoa o] 7}
st Al sl Al BAE FRH R Mk o) 7}
SERZ ool ¥t ATEo) H FuslA A=z glcH12-18]
T, A F71R)8] EEREE A B AFAEY] AFE ¢3
529 scaleo|} of, AAZA, 24 @ $HGY So] Po) ¢}
2 AN o] Fxl ABolglon, 2 Ao E Be Ho]
7b A Z]Al-n A Y] EEEA T 5FGHY Mo 2L EE
3Rl vlFEr Aol wekeH19].

€ dFele 3iE5RdA 7)A-2Ae) 3EEAS 5=
Wil o] ok wE EAS EA4Q whgo g dXsto sy 7)
A-nAEZe +H3H BAS FPH o2 HYstaa shgden,
ol & &3t 7IAl-mAl] EEGHe) Wstel 7 A-wA B S A%
545 nAskuzl slgdrt.

2. off N

124

—

£ AT e £8F-EE Wl ks B4 4
slated, A7be] Wisjol BE I LF A2 XOF A2HY T
H& Ealol ol AR AL, F714 292 FAIY 3
AR fractal YA, Fol2) AmEe) FEABA} e
HxslEd 223 Ao ESL Ik Aue) TEE B 9
34 AL3-7F5-d (phase space portraits)s] 4] B}H-&- ALg-3}adc}.

L
o Sk

2o 1o q

2-1. Fractal $jA4[14-16]

TEREF RIMY 9 852 X% o 2% AlF X(h)
2] A|Zbel] ukE series Foll4] A7} t=1oll4] t=T2] %d3-& A3}
The} o) 31 WE A58 subsetS A2Y 4 gl

x‘(t)=uﬁ=1 X(u) )

o] & o83l 1 8% A5 9 series oA A|7F t+lo)A] tat
7441 2] subrecordolA] 31 &F A5 o] HAghe }e3) o) g
=

11X @+ 9-X ) @

3HA, A1ZF t+100)4] t+171%] ] subrecordsljA] ¢ 9% A3 X,
uyt 2 @ o2 RE] Woluhe Axte] g2 B(t, u)ehd, o] o}t
= ’5‘13'—} Zo] & < 9irh.

B(t, w)=[X" (t+w)-X"®]- WX t+1-X () 3)

714, 4 8F 4159 ZE A% FZH(sample sequential range),
R(t, OF ch&-34 2o) Hojs,

R(t, t)=Max B(t, u)~ Min B(t, u) @
0<u<rt 0<u<r

SEt2E Mi3sAH M6 1997d 1254

4 85 AFE9| Azl WE series F A7 t+1o0]A] t+174R] 9
subrecord®] F¥ <3< F-Ak(sample sequential variance), S'(t, T)= ¢}
w3 Zo] & 4= 9ih
2

©®)

u=t+1

20, 9=1 T xw-|L F x
St 9=7, 2, Xw-|7 % X0

ol EEZNE U4 8% A5 AFAF FZ(rescaled range), R(t,
/St T cHe-3} 7o) A7k 12] Power T el 4= 9ich,

R(t, 7) o

st o~ " ®

A (6)ellA A=A E 72 R/Soll 3 28 A17H1)S log-log plots}
@ Pox diagram& 7% &= 9l o] 2@ 29| 7]-27]7} u}lZ HurstA|
o]t}

g, 1 2% A7) 94 fractal 24 (dimension)2] d. ¥} Hurst
A4l Hebe] BAlE o3} 2om 2 o] Alogie g1y 2% 2}
82| IH-2< fractal UL 77 5 9o}

dn=2-H, 0<H<1 Y]

E HF 4159 fractal AL 2 AlZel] WA= 9l SHS
&3k A=rt € 5 2, 9% 51 91 Brownian -£%-2 3}
+ A132) 799 fractal 212 1.57} Fc}. 78] 3 fractal X}4o] 1.0
ol 774 ASE A2 kA 3} T4 0] Z7}g)ct

2-2. ArZ7t = (Phase Space Portrait)

THAES oA 4 2% AR (X0 tekAL, k=L, -}
© Tl AFE2t 593 (multidimensional phase space portrait)el] )3}
ATRE < g, o] FEL mAd AFEZIOIA {X(t), X(te+1), -
X(teHm - 1)1)}e] 5L A4 5] ek o]w] me embedding 2}
o] = 1= A A A)7H(time delay)o] Hr}.

714, AAAIZE o] AL oduby o2 Apzod o] a)FAd ol &3]
7P A2 9] 3hg At B AFoie b Alelaig
AL 8% Akg 9] Al7te] Wit w2 434 ¥ 4 (mutual in-
formation function)’} =-%-3 HAghs 2 o] 7L Aoz
Asket.

1= [[PeX., Yylog, [PCX, Y)/PEOP(Y)JdXdY ®

A @A Xe X0l Y=X(t+1)old, PX)st PX, Y)= 2h2
-5 =3} (probability density function)e} Z3te}5 w34 (joint
probability density function)o]c}.

.4 H

& 72 A¥-LS Fig 1914 B& ule} 7bo] A7 102cm, Fo] 35
me] oj2YF o2 A FBFFEE M) &, Fig lollA] & 5
U=e] AP+ risere} standpipe, cyclone, 3JA}2] AEE Ax] 1
2|32 riser] 7+ $1X|ollA 4 WEE ST 4 9 kS 4y
2k A% systeme 2 FA=e] Qo $52A YREE LEr} 920
kg/m’e] 7 BFY %7} 0.454 mme) 3] sl A (polyethylene)S- A&
st e ZIAZE &3S ARl Agubde 2 Ay
T2 dAZRZ N SBHES riserolA HAE TAQIRSL 1,
23} cyclonellx] 7|42} £2]8}lo] standpipeS E3l s}l %
standpipe®] &}ctoll -2 rotary valveS AM-3le] A X7}, UA
FEL2 riserel] EHA7)H riserlFoll )¢ 1 $F-S 2519



£85-%=2] stochastic A 821

—> 13

— 2

”»”
—
-

—

—
=

-d
—h
3]

]
g

Fig. 1. Schematic diagram of experimental apparatus.

1. Riser 2. Cyclone

3. Down comer 4. Rotary valve
5. Rotary valve controller 6. Distributor

7. Calming section 8. Blower

9. Air regulator 10. Flowmeter

11. Control valve 12. Manometer tap
13. Carry over 14. Manometer
15. Pressure transducer 16. Amplifier

17. A/D convertor 18. Computer

o} =3 23} cycloned AA v F7)o TFE ERE AA s}
8l o] & 7]+ bag filterg A ¥ ventA| Hrh. S5
WFollat Aok e B9, AH e %S v SR, A
< A3 Yl rsers] 7| A AR O 2 HE 0.5me} 1.6me)
A2lell o tapS AX|3}edx] o] F A manometerel] AA3}t
HlshE 2Aslg o, BAagAYE 0.6me} 0.9, 1.2m] riser
HrdolA] ok sensorE ARg-3le] Al7ke] Wste] whE ¢k 258
25 3gict.

Al = HE= A & el (copel electronics; AHEH ] 1 0-0.5 kg /em’,
o 2 9): £0.3 %, thermal error }4): +£0.02 %)2. $2-3] w7t
3tod riser W7-2] S SA ol vhg- Aabdelde), 3 sensor2
245 B3} o 2 E(pressure fluctuation) A} = =i 5y
S AA BEEAL A3 2 upre] 2E7)9) e S AAx AD ¥
71& AHsed dA|e 432 wlE ok data acquisitionA] el ]3]
computerel] }JH A7 ¥ off-line 0.2 A slgict APz = 74
o 5, FEUA] A vlg mE A8, 59022 suspen-
sion density 5-& 8 APHSLZ J73ir}. 21 AP FA o)A sam-
pling rate= 42.86 Hz6]1%).2.% sampling time-2- 70 sec 2 3} sample
9] =27]& 3,000pointZ 3}5ict. o129} o] sampling rates} sampling
time2- 7} 2IZ A o1 2% 2 Bt wiste] HjA 1 244
¥

34

32l

3.0 .

g

AP (V)

28

26

24
3.2

3.0

AP (V)

28 1IN 1E | "y i)

26F

2.4 ¢ —+ + + ' t

32 c

30}

AP (V)

2818

26

u o=2.0mls
24 1 ue 1 1 1 i
0

10 20 30 40 50 60 70
Time (sec)
Fig. 2. Typical pressure fluctuation signals in the riser of circulating
fluidized beds(G,=15 kg/m’s).
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Fig. 3. Typical pox diagram from the rescaled range analysis of
pressure fluctuations in the riser of circulating fluidized bed
G=20 kg/mzs).
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Fig. 4. Effects of superficial gas velocity on the Hurst exponent of
pressure fluctuations in the riser.
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Fig. 7. Effects of superficial gas velocity on the slip velocity between
gas and solid in the riser.
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Fig. 9. Effects of particle interstitial velocity on the Hurst exponent
of pressure fluctuations in the riser.
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Fig. 11. Phase space portrait of pressure fluctuations in the riser.
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di : local fractal dimension
d» : particle size [m}
G, : circulation rate of solid particles [kg/m’s]
H : Hurst exponent
I : mutual information function
P(X)  :probability density function

P(X, Y) : joint probability density function

R(t, T) :sample sequential range for lag T
S’(t, ) : variance

t : time [sec]

T : total available sample size

u : time lag [sec]

U, : superficial velocity of gas [m/s]

Ue : interstitial velocity of gas [m/s]

Us : interstitial velocity of particles [m/s]
Uy, : slip velocity between gas and solid [m/s]
X(® : time series [v]

X'(®  :subset of time series [v]

az(0jA X}

& : solid holdup [-]

P : solid density [kg/m’]

T : time lag [sec]
SI& X}
G : gas
S : solid
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