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Abstract — Pressure fluctuations experiments were conducted in a three phase fluidized bed with electrolyte solution
(NaCl solution) as the liquid phase. The wavelet transform based on localized wavelet functions is applicable to analysis
of the fluctuating signals. The time series of pressure fluctuation signals have been analyzed through coefficients of
discrete wavelet transform, wavelet decomposition, wavelet energy distribution with scale and time-scale representation.
By utilizing local wavelet energy distributions, the flow characteristics in the three-phase fluidized bed with electrolyte
solutions were identified, showing distinct differences in fine-scale features depending on the concentration of electrolyte
solutions. Thus, this wavelet transform method enables us to obtain the scale content of local complex flow behaviors in
a three phase fluidized bed with electrolyte solutions.

Key words: Wavelet transform, Multiresolution, Wavelet energy, Three phase fluidized bed, Pressure fluctuation

LA B £ HAE geete wE 2 AETY], AU §19
@ul2ss] 723 R E) A WEY)) BaH
§E WL AE 00 BAAY BEoR ¥ AW B ok 34F W oluA) AARE0] Uel H45 1 Arh-6).
A SER Qs B 3 9 2] X9 w7 = of ] AE Y Asst w7 wl A Bl T W ool 245 gl HaEllER
55t 2ol FEET Y1 2], H AP HES WS ol ERE ZIER Y VISR A7) el ek, T2, A
S B0 AHESHE HES AT Ul F5a Fuoltt. s
To whom correspondence should be addressed. A =4 233 A7-EEE Zieminski and Whittemore[7]E &

E-mail: drpark@woosuk.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

246

A4 FHE EYF o]20] o] 0|27 -5 s A8 At
o] & Qg -x¥o] G35 AH k3t B3k Jamialahmadi and
Muller-Steinhagen[8] <= 7138} &l Ato]e] AAHA A 2] A



elo] N\ ZAY e JTL 2AITE e} oleldt ATES 7]
Ao A 225 B3t Aol 7)A)-oha)-3A) Alzswlel vt <
= 75 Folt,

AN O 7 AR5 7 ] 24 Zdel w7138 A
9 24 AR QIS R EFS SRR W] UlFelA 9
71A-AA -4 3F A2 dynamic 3FH 1]-¢- Extalc), o] 9} 7+
& e 38 Al 2829l M w372 ElshA 549
ol E Fot A f552 a8 Y A Q4 SulEl
2N0] W2 AAlEo] FHLI e dEHFel B3t A5 & 2
ATHO-13]. L& HF EAde @t A= BAH W, el ¥

2HY, deterministic chaos 314157} 22 o] sl rhHo] Aty o
gt sl AeS o] &3 A% 9] Fulr A2 o]n] 18001
t] % J. Fourier”} % 2] 3t sine¥} cosines ©]-§-510] S5 Hdsh=
2] o] & (Fourier transform)ol A A% itk 12} F2]of ¥
2] 714875 7938 sine, cosine T A F o)A o} &
A4 415 ¢} sharp spike 347l A5 7HA 2 917] wiiEol] Kt
Adst 714 g=re] e do] UlFE|QIe. Best ARk Ful YR E
Al BEE = gl o] A7 o] AlRb} FukE RE T
Aloll YR 4= )= short time Fourier transform(STFT)®] 72|
Sl o1} o] B3 S|4t E (resolution)’} 17 H = TS 7R o] &
FE3FA}F 71487 A A o) 1 vheksl] ATkl 3pE o]
7Vs3k gloj Bl Mgho] e 9lar, 1980 th 1 0] Mallat
(1417 Daubechies[15]°1 2J8fl w52 WX o] of 2] FofofA
=4

2 shal Q7] wlitell Z= (transient) Fo1= H]73 - (non-stationary)

A5 9] Af-olli= AFskA] Lrh16]. o1& S5staAl e At

A e WsAl o] o)l g AR B o] H 2l (mother

wavelet)®] 7|9 ® (scaling) 3} ©]5(translation) ¥ ol &J3l T}k

st 714 &g A dlitel Fakel ARE RE FAlel A

detA 28 5 vk S 7HA AL ol olef gk Az A
5

ALE Tl JHE L33}l ] F(transition)>

A ANE TPFOR Y WE AEE RSk HPs

2. O|EX HiH

2-1. Fourier transform

A% B ] BAL A5 S Wkl
d] it} Felol] /g Foixl 258 a4
5312 7]olc, Felo Wake] 542 EHL thew} ik,

247

= 44 7710, DS reiE Als derekar ek, olm X(1)2]

ko =[" xwe” ™ ar

=" X(t)[cos2nfi)—jsin(2nfi)]d )

£] 2Jof|A] AR1 $k=(sine function)2} AR $=(cosine finction):=
T (-m, w) ol AA 211 7] A (orthogonal basis)S ©]FL}. 9] 2]l
A BIzo] S A el AlE, X(Dr= AFR1TF 3 (sinewave) 2k o1 %] A5
Shpike] gk kel A3 Ul d o2 Ak X}, A o=
glof] S| o3 A& T, X(ty7F A1 34 22 stationary
QAR TH] S ol A3dslt) o] & Fall AlRF E=mR1e] 4l
33rE Tk Bkl ®E uigehe, A5 54 Fake Wl
A ZAekE v A] Aeg setst = Qiok AAIE $e] 3t ~
HAEFH A & 4= Qlo] Flol M3ghe] 7| AT+ 2.4 T
upzt A ojsle WA Ske] M| 7E A A HA AIE RSl A R
o] oz s AlTte) thaljM= A3} HA| $=T). T5o]
2h& sl AlgE o & w2 Algrel gl 7 R Qe @

A& Zka ol

2-2. Wavelet transform

SFejofl ko] SIS =5er] S1g AIAID dHlolHE aiXshe
AJEE- TiREe = A o] Bl Wglo] ] E| Tk ARI Bai= FARRI 3
T7F 71AREE AR E = SR o] Mgk g, glo] B 2l (wavelet)
olg} Eel= IR ZIAETE tAIg of7]A o] BElEE 4
olB gl Wgko] 4% B2 (building block) S 2 Aztet 4= gt} mhx|
Fejol fghoq Al Es 75 B 0% AR 23}
18] F2lo] wglo] slute] §4:2] B (dilationy AHE-HE 2
29 & 9] B &l (mother wavelet)°] 2} 2]+ dhuke] 149 43
Shamo] WA rh= A AU (scaling)T} ©] 5 (translation) S ©] 5 &
3l vheFet AAL I x|l o] RS BAE 5 St 7]
A B go]B el S g o AR 7hs3 R A oE,
o] 5 7IRko & AAUH I} o] F 222 Faato] glo]H el wigte]
AR = TRFSE 71A S E A gt eiA ot el e
| 0] 7HIE ol £1H14,22,23].

W0 =l y(Z2)

A7|A, W av B30 B e AAYES ovsh
& YEpdATt

AP AL 242 B 9o] B Ele]| ‘streching’} ‘compressing’
&S Tk A ZE A0 FAEkaIAL s gkl Tk
ARE Z4zte] Fubgro wpet A& 4 Stk =, ‘compression’
versions 113 Rl 285 “stretching’ version *]5-3k
= A Hol| ATk, E3F translation 2212 A7l whet B9o]
B9 “shifting’S Al¥3k= 1 O translated version -2 % 11
2} sh= 3l Algtel W JEE NS 5 e et o9
S 0 2 Z47Fe] A AU Y (scaling) 17| 31 ©] & (translation) ¥
= a, boll W} scaled “12] 11 translated version2] ¢o|BIEZE 7}
A ol &t

Korean Chem. Eng. Res., Vol. 63, No. 2, May, 2025



248

ol g7} 7174 kol ek A2}
Fof] AghHe AR o] Bl vighELe
translation I2f0]E o] wpe} A5 =5 o] BBl SA ol T Hof
2tk whEbA] Yol r gl Mgk AR TH|Ql $HrE oA H 9 scale-
time TH|1 0% wPIAI7 = AP HolErt, J18|an MERS v
B2 ol BEEH 74 F7e] WA Antabgo] EZ3tE o] Qi

5 gl APdE A=
Z¥zyo] th dilation?}
|

SO, Wan(1) = |a|7|/2_[: f(t)\y(%jdt 3)
2-3. Slo[EE! oflAx]|
ol B o #|= vt o] A 2jeTt
Ej - Erf dyj= 4)
£ 1172
E; Zsfk (5)
o714 B 11 Al5e] A eyxlelot.
.E ™

B A A ARS8 A= pilot plant scaled] A f55 A
2A 538} &2 FH3 calming section, “18] 31 weir® 74 ¥ o]
ST}, 71243} AlAde] Fu) 7] calming section ¥} 5 AFojof] A
2| =] UTH24]. Fig. 12 7821] 7Hekeo|o), 82 #1740 0.37 mO]

|21 m <l o} " #-8 AR8-819I T}, 18] 32 calming section
m 20|29} 0.4 me] 2748 2h= Al 770 2 Al#kE g o

AL 50
o)
’\:‘0 =1’o=

.

=125

5

Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. Typical pressure fluctuation signals under different opera-
tion conditions in a three-phase fluidized bed.
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Fig. 3. Power spectra obtained from Fourier transform for different liquid phases: tap water and electrolyte solutions.
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Fig. 9. Time-scale representation (time-scale plane) of the pressure
fluctuation signal for a three-phase fluidized bed with tap
water as the liquid phase.

b ez S frs 24850 AIREY] EEe] nE
& EEe ol 1HE

2 2 1 A719)h A7kl ThE sk ol
o 5 Ik 21wl a7k AuEel S dads o
Lo

AN

FOR A HERY E S HolF

=

Tolr W8 2L e ESe) e WE AE
1} 9] 8l WEHE o] falo] EA 5}

2 g

r>
o

®

ot

o [T [z i
>}U

0
o
i T2 o
I
(%
K oft

)

1 78S o] 83 o] Bl 3] il
1 oA 18] 3 AR-AAIY B 0 A EH S
H sl delld =de NGOR sk A 5
= el 240 ol met 713 ) A o] AA
ofel] whe} 242 AAL L] -5 247 AR 5570 Bol
210 %2 Uebt. o]l gt A2 dloj Bl Wigks Sal A 4
B oqx] 2o} AALAE A S Fal EEe] T
ek Ay oz, o]l g7 |HE S5t o] Bl o~

E50 B A3 BAE TIFAREFN FEENS
3 l

1o
>
=)
e
inj
o
nj
|t
Mo
=
o
=2,
e
e
=2
1o,
&)
“
g o
[>
e,
(m
o

o

i)

N do Ho
i & 9

:T>

>,VU

N
1o Hn

&

o
O

At
o

Mg
]

& e e o

—

e Aol ZARE UL,

Korean Chem. Eng. Res., Vol. 63, No. 2, May, 2025

AskS - WYE
=k
a : Scale parameter
b : Transition parameter
C : Concentration [mol/l]
d : Details of discrete wavelet transform at resolution 27
dp : Particle diameter [mm]
E : Wavelet energy
f : Frequency [Hz]
s : Approximation of discrete wavelet transform at resolution 27
Ug : Superficial gas velocity [m/s]
Ul : Superficial liquid velocity [m/s]
X (2] : Fourier transform of X(7)
X9 : Pressure signal in time-domain
OH&KL
j : Multiresolution level
k : Time
=1 Ea DN
\4 : Wavelets, mother wavelet
0] : Scaling function
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