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bstract

Gas–solids fluidized beds are widely accepted as nonlinear and chaotic dynamic systems. Traditional methods such as statistical and spectral
nalyses are not sufficient to capture critical behavior in these systems. In this work, non-intrusive techniques were used to characterize the hydro-
ynamics in gas–solids bubbling fluidized bed using polyethylene powder and glass beads with comparable mean diameter. Pressure fluctuations
nd X-ray fluoroscopy measurements were performed on a pseudo two-dimensional fluidized bed. Statistical, wavelet, and chaos analyses were
pplied to the non-stationary pressure signal series to extract and characterize the intrinsic features of the gas–solids fluidized bed. Dominant cycle
ime was calculated from approximate coefficient of scale 6 decomposed from cleaned pressure fluctuation. The global bubbling behavior of the
lass bead system was greatly affected by changes in the superficial gas velocity while polyethylene powder only significantly varied with the
istance from the distributor. Average cycle time, dominant cycle time, Kolmogorov entropy and wavelet energy were also calculated from detail
oefficients of scale 1–6 decomposed from cleaned pressure fluctuation to investigate flow dynamics at micro- and meso-scales. Similarities and
ifference of bubbling behavior at different scales for glass beads and polyethylene powder systems from pressure fluctuations were verified from

-ray fluoroscopy measurements. Results show that polyethylene particle systems have quite different bubble properties compared with glass
eads particle systems under comparable operating conditions. The combination of statistical, chaos and wavelet analyses proved to be an effective
ethod to characterize multi-scale flow behavior in the gas–solids fluidized bed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas-phase fluidized bed reactors are used in a wide range
f applications in refining, upgrading, pharmaceutical, food
nd chemical industry. The production of polyolefins is one
mportant example of such applications. The modeling of
he performance of fluidized bed polymerization reactors is
omplex and requires the consideration of mass and energy
ransfer at the macroscale level, intra and inter particle mass
nd energy transfer, particle growth, particle interactions, and

inetics of polymerization. The treatment of such system as a
ense phase/dilute phase binary is probably oversimplied and
ltimately, realistic hydrodynamic models are necessary for the
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esign, scale-up, operation optimization and assessment of an
xisting and new polymerization processes. Systematic work
as been carried out on hydrodynamics in bubbling fluidized bed
sing polyethylene particles in Dr. Kantzas’ group at University
f Calgary. Non-intrusive methods, such as pressure fluctuation,
-ray fluoroscopy, computer assisted tomography, and radioac-

ive particle tracking were used. Bubble properties and solids
hase features were extracted. However, comparison of hydro-
ynamics of porous particles with non-porous particles was not
ufficient. Extensive experimental work has not been performed
lsewhere. Most of published fluidized bed hydrodynamic
odels were based on experimental results for non-porous, solid

articles. Are these models suitable for porous particles like

olyethylene powder? Results from a multiresolution analysis
f the fluid dynamic behavior of glass-beads and polyethy-
ene powder fluidized beds may be suitable to answer this
uestion.

mailto:akantzas@ucalgary.ca
dx.doi.org/10.1016/j.cej.2006.12.001
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Nomenclature

A approximate coefficients from wavelet decompo-
sition

ACT average cycle time (s)
CFD computational fluid dynamics
D detail coefficients from wavelet decomposition
DCT dominant cycle time (s)
h bed height from distributor (cm)
K Kolmogorov entropy (bits/s)
Pj power or energy of wavelet coefficient in different

dyadic scales j (amplitude)
SD standard deviation
Ug superficial gas velocity (cm/s)
Umf minimum fluidization velocity (cm/s)
Wjk discrete wavelet coefficients
x(t) square integrable function

Greek letter
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located at a height h = 6, 16, 36, and 56 cm above the distribu-
ψ(t) mother wavelet function

Traditional Fourier method has been used extensively in
nalyzing signal series from fluidized bed systems for several
ecades. Fourier transform and inverse Fourier transform estab-
ish one-to-one relationship between the time domain and the
requency domain [1]. Fourier analysis provides good resolution
n frequency domain and some intrinsic features of flow dynam-
cs can definitely be revealed using Fourier analysis, as there
xist similarities between Fourier analysis and chaos analysis
2]. Windowed Fourier analysis and short-time Fourier analy-
is were introduced in order to localize the position of signal
eries in time domain. However, the window size cannot be
hanged during certain Fourier transform which greatly limits
he identification of features in non-stationary systems.

Signal series from fluidized beds are often nonlinear, chaotic,
nd non-stationary [3]. As such, Fourier spectra obtained
rom measured signals do not show consistency in frequency
ehavior over different time segments. The reliability of the
nalysis performed on these signals using traditional methods
s thus insufficient and wavelet analysis, also referred to as

ulti-resolution analysis, has been proposed to take into the
on-stationary features and to analyze the dynamical behavior
f fluidized bed systems in more details [3–5].

With the introduction of wavelet analysis, signal can be
ocalized in both time and frequency, and signal series can be
ecomposed into different scales. While it unifies statistical,
pectral and fractal feature extraction methods [6], the transfor-
ation functions in wavelet analysis have distinct characteristics

ompared to those used in Fourier analysis: (1) irregular shape is
uitable for signal with discontinuities or sharp change; (2) com-
act support nature allows temporal localization. These features
nable analysis of non-stationary and transient short time events.

ther advantages of wavelet analysis compared to Fourier and

ts variants can be summarized in two key points [3]. One is
hat wavelet transform has more clarity because the basis func-
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ions are oscillatory mathematical entities with compact support
nd the spectral components do not get cluttered with repeated
ultiples and negative frequency components. The other is that

he window size may be carried out for every single spectral
omponent without losing any information. The fine and coarse
esolution components from wavelet decomposition capture the
ne and coarse features in the signals, respectively [1]. Wavelet
oefficients also provide a measure of the signal energy in vari-
us regions of the time-frequency plane. Also, wavelet denoising
s well accepted and shows considerable promise in studying tur-
ulent system [3]. This method allows noise to be removed in
ll scales without a significant distortion of the signal.

In this study, pressure fluctuation and gas–solids flow images
f glass beads and polyethylene powder systems at ambient
onditions were measured. This will be the first step in the assess-
ent of hydrodynamic models for gas–solids fluidized beds.
onlinear flow behavior was characterized from statistical and

haos analyses of pressure fluctuations. Multi-scale flow behav-
or was further investigated using wavelet analysis of pressure
uctuation. Bubbling behavior form pressure fluctuation was
ompared with those from X-ray fluoroscopy measurement. The
as–solids flow behavior of polyethylene powder system was
ompared with that of glass beads powder systems.

. Experimental

The fluidized bed system consisted in a pseudo 2D column
ade of Plexiglas with an inner width and thickness of 22.5 cm

nd 5 cm, respectively, the height of the fluidization section
eing 150 cm. A porous plate distributor was installed on the
ottom of the column, and the gas entered the column through a
one at the bottom of an approximately 15 cm long chamber. The
one was filled with small plastic spheres (diameter = 6.35 mm)
nd the chamber was empty to improve the gas distribution
efore reaching the distributor. Valves and rotameters were used
o adjust and measure the gas flow rate, respectively.

Two types of particles were tested glass-beads and polyethy-
ene powder, with the column being filled with particles to a
tatic bed height of 40 cm. Both particle systems had the sim-
lar mean particle size (360 �m) and particle size distribution
297–420 �m), while they differed in density (2480 kg/m3 for
lass-beads and 924 kg/m3 for polyethylene powder). It should
e noted that the polyethylene resins are porous particles. The
alue of 924 kg/m3 is plaque density that will be used in the
oidage calculation. The particle density and particle voidage
re 0.613 g/cm3 and 0.337, respectively. Both types of particles
re classified as Geldart “B”. The minimum fluidization velocity
Umf) was determined by measuring the bed pressure at differ-
nt velocities, and was found to be 11.0 cm/s for the glass-beads
nd 4.3 cm/s for the polyethylene powder. Three superficial gas
elocities (Ug) were tested for each type of particles.

Four pressure transducers (Schlumberger Solartron, model
000 DPD) were connected to four column wall pressure ports
or using 0.32 cm nylon tubes. An A/D converter, a PC-LPM-16
ard from National Instruments, and a personal computer were
sed for data acquisition. A self-developed Labview program
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ecords voltage data and stores them into the computer hard
isc. Transducers were calibrated to establish the relationship of
ressure versus voltage prior to the experimental measurements.
he pressure data was collected at a rate of 500 Hz for 60 s at
ach flow rate. The first 16384 (214) data points were used for
nalysis. Each operating condition was sampled 20 times. Orig-
nal purpose of 20 samples was to average out the noise. Though
ressure signals were denoised using wavelet methods and one
epresentative sample is enough for wavelet analysis, parameters
stimated from pressure fluctuation data were averaged from the
0 samples.

The X-ray fluoroscopy system (Fig. 1) consisted of the
-ray tube, X-ray detector, image intensifier and image acqui-

ition computer. The X-ray tube generates continuous X-rays
y energy conversion when a stream of electrons produced at
he cathode collides with a target or anode. The X-ray detector
eceives the attenuated X-rays passing through the object to be
maged and converts the X-ray photons to electrical signals. The
mage intensifier enhances the electrical signals, converts them
o a digital grayscale image. According to the intensity of light,
he grayscale number of the image varies from 0 (black) to 255
white). The image acquisition computer grabs the image at the
ate of 30 frames per second and stores it to the hard disc. The
rayscale number was correlated to bed voidage by calibration.
he effective diameter of the image was some 17 cm. The size of

he image was less than the width of the column. In this research,
ix parts of the column were imaged at each given superficial
as velocity. For each part, approximately 2 min worth of images

ere collected which amounted to 3600 frames.
Neighborhood averaging scheme was applied to the images to

emove noise. A global threshold of grayscale number was used
o determine the bubble boundary and binarize the grayscale

Fig. 1. Schematic of the X-ray fluoroscopy setup.
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mages. MATLAB program was written to identify and track
ubbles. Additional details about the experimental setup and
rocedure can be found in reference [7].

. Methods of analysis

.1. Wavelet analysis

Wavelets are a family of functions of constant shape and zero
ean that are localized in both the frequency and time domains.
nly one-dimensional wavelet transform will be covered in this

ection. Dilations and transitions of a mother wavelet, ψ(t), are
epresented as,

aτ(t) = 1√
a
ψ

(
t − τ

a

)
(1)

here t and τ are the dilation/scaling and translation parameters.
or any square-integrable function, x(t), its continuous wavelet

ransform is,

aτ x(t) =
∫
x(t)ψaτ(t) dt (2)

For N number of data points x(i), i = 1, 2, . . ., N, discrete
avelet coefficients Wjk at dyadic scales j and displacement k is,

jk(i) = 2j/2ψ(2ji− k) (3)

jk = 1√
N

∑
x(i)ψjk(i) (4)

here j = 0, 1, . . ., p, k = 1, . . ., 2p with p = log N/log 2. A low j
mplies a fine scale, while a high j indicates a coarse scale.

An original signal can be decomposed into many lower
esolution components. Each level of decomposition contains
nformation associated with a scale. A pseudo-frequency can be
ssociated to a given scale [8]. The quality of signal decompo-
itions and reconstruction mainly depends on the choice of the
other wavelet [9]. After decomposition, high-scale and low-

requency components of the signal is called approximations
A), and low-scale and high-frequency components of the signal
s called details (D). A very useful parameter that can be calcu-
ated from wavelet decomposition is wavelet energy or power.
he power Pj in different dyadic scales j is,

j =
2p−j∑
k=1

|Wjk|2(j = 0, 1, . . . p) (5)

In the investigation of flow dynamics in fluidized beds and
ulti-phase flow using wavelet analysis, the selection of mother
avelets varies considerably from one study to another. The

elected wavelet should well represent the characteristics of orig-
nal signals, and therefore also depends on the type of probe and
ampling parameters. In this study, Daubechies wavelet with an

rder of 6 (DB6) has been chosen for the analysis of experimental
ata. Daubechies wavelets have a highest number of vanishing
oments for a given support width, ensuring that the signal anal-

sis becomes more precise with the higher order of polynomials
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sed for approximation [8,10,11]. Matlab with wavelet toolbox
as used for signal process in this work.

.2. Statistical and chaos analyses

Average cycle time (ACT) was used to characterize the aver-
ge time interval of non-periodic pressure fluctuation. ACT is
alculated using equation as follows [12,13]:

CT = total time

(number of crossing with the average)/2
(6)

However, ACT from crossing frequency methods normally
nderestimates the time interval if the time series is very noisy.
lternatively, the dominant cycle time (DCT) [13,14] originated

rom Hurst [15] was considered for it is not affected by vary-
ng sampling frequency of the original time series and linear
perations of the original time series.

Chaos analysis was also used to investigate the flow dynam-
cs of the gas–solids fluidized bed. Kolmogorov entropy (K),
ne of the most useful and frequently used chaos parameters,
as used to characterize the chaotic flow behavior. K reflects

he information loss rate and predictability into the future, and
he definition of K can be found in Grassberger and Procaccia
16]. K was estimated from pressure fluctuation measurements
nd detail wavelet coefficient using the maximum likelihood
ethod [17] to characterize the multiscale flow behavior. More

ecent information on statistical, spectral, and chaos analysis of
ressure fluctuation can be found elsewhere [18].

. Results and discussion

Wavelet based denoising methods by Roy et al. [19] was
pplied to the experimental pressure measurements. In this
ethod, by differentiation of measured time series, contribu-
ion due to white noise moves toward the finer scales and this
rocess distributes more energy to finer scales. Scalewise power
ersus scale (1–14) was first plotted. Thresholding scale level
as identified as 2, therefore wavelet coefficients of scales 1 and

fl
w
t
a

Fig. 2. Average cycle time for (a) glass beads and (b) po
g Journal 131 (2007) 23–33

were set to be zero in the reconstruction of the denoised pres-
ure fluctuation signal. The high frequency components were
uccessfully removed after wavelet denoise.

.1. Characterization of gas–solids flow behavior from
enoised pressure fluctuation

Experimental results showed, as expected, that average pres-
ure decreases with an increase of distance from distributor
r a decrease of superficial gas velocity. The reduction in the
verage pressure was more significant in the bottom part of
he bed (h = 6–16 cm), and was attributed to the initial accel-
ration of some of the particles. The average cycle time was
etermined from pressure data and results are shown in Fig. 2.
CT varies similarly with operating conditions for glass beads
nd polyethylene, ACT for glass beads being much higher than
hat of polyethylene under similar operating conditions. This
esult suggests that bubbles formed using glass beads are much
arger than those for polyethylene powder. Bubble property is
reatly affected by particle property, such as particle density,
article diameter, and fluid viscosity. In this work, the density
f glass beads is much larger than that of polyethylene particles.
lass beads particles are close to spherical but polyethylene par-

icles are normally non-spherical and porous. This may affect the
ffective mean particle diameter and particle flow behavior in the
uidized bed. Which greatly affects bubble properties, such as
ubble diameter. From published correlations for bubble diam-
ter (e.g., Mori and Wen [20]), there should be larger bubbles
or glass beads system compared to polyethylene particle sys-
em. This was verified from X-ray fluoroscopy measurements
Fig. 3). Bubbles formed using glass beads were well defined
ompared to those seen with polyethylene powder [7]. The gas
istribution for polyethylene would therefore be more uniform
ith low ACT, and may enhance the heat and mass transfer in

uidized bed reactors. ACT increases with an increase of Ug,
hich means large pressure fluctuations, caused by the forma-

ion of bubbles with large diameter (Fig. 3), become dominant
t higher Ug.

lyethylene powder from denoised pressure signal.
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ig. 3. Average bubble diameter as a function of distance from distributor (from
-ray fluoroscopy experiments).

ACT decreases significantly at h = 56 cm, which means that
he pressure fluctuations at this position have low amplitude
nd high frequency. The static bed height is only 40 cm. At
= 56 cm, the solids phase is very dilute and the pressure fluctu-
tion is mainly due to gas phase and bubble breakage at the top
f the dense bed, therefore the fluctuation is weak and frequent
ith low ACT. The relatively high value of ACT at bed height

round 15 cm is likely due to the coalescence of medium-sized
ubbles. As pressure fluctuation mainly reflect the global bub-
le behavior, the ACT does not change significantly except at
= 56 cm. Results presented in Figs. 3–5 suggest that the bubble

ize steadily increase with the bed height, the number fraction
f bubble thus decreasing (Fig. 4) as the bubble velocity remains

elatively unaffected by the gas velocity and position in the col-
mn. The number of small bubbles formed at lower bed height is
ikely underestimated because of averaging effects on the over-
ll density [7]. Moreover, overlapping bubbles may have been

ig. 4. The distribution of bubbles as a function of distance from distributor.
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ig. 5. Average axial bubble rise velocity as a function of distance from distrib-
tor (from X-ray fluoroscopy experiments).

etected as single objects. Therefore, the number fraction of
mall bubble is relatively low at position close to the distributor.
et, experimental results are very consistent with that presented

n the literature and the following question must be considered:
s the ACT obtained from pressure signal affected by features
ther than bubble size and frequency? The reduction in ACT
ight have been the result of other factors that are known to

ffect pressure fluctuations such as wave propagation caused by
he eruption of bubbles at the bed surface.

Kolmogorov entropy (K) was calculated as shown in Fig. 6.
or glass beads, K remains at very low values, compared to
olyethylene powder, and is more or less unaffected by changes
n Ug. Relatively low K values indicate a less chaotic flow.
he results presented in Fig. 6 suggest that the flow structure
f glass beads system should be similar once above minimum
uidization velocity. The regular bubbling behavior for glass
eads particles causes well-organized flow pattern, which is
ore likely to be predicted. The high K at h = 56 cm is prob-

bly due to weak and frequent fluctuations of gas phase and
ilute particles, which is very chaotic.

The polyethylene powder bed showed higher K values
ompared to glass beads, with a strong dependence on both
uperficial gas velocity and distance from the distributor, sug-
esting a more chaotic flow pattern for smaller bubbles. K is
elatively high in the bottom and upper section of the bed but
hows a minimum in the medium section of the bed. Near the
istributor, there is relatively large number of small bubbles
orming, growing, and coalescing which causes flow behavior
ery chaotic and less predictable with high K. In the upper sec-
ion of the bed above the dense bed surface (h = 56 cm), weak
as phase fluctuations are dominant and generate relatively high
. The Kolmogorov entropy decreases with an increase in Ug, as
igh gas velocity introduces large bubble or stronger gas phase

uctuation, which lead to a more regular flow behavior. There-
ore, for gas–polyethylene bubbling fluidized bed, flow behavior
s more predictable under higher Ug with large bubbles. How-
ver, it is expected, under such conditions, that a less chaotic
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Fig. 6. Kolmogorov entropy for (a)

ow behavior will lead to less intensive heat and mass transfer
henomena.

.2. Characterization of multiscale flow behavior using
avelet decomposition

The above analysis results are still general statistical charac-
ers over the sampling period. The results reflect flow behavior

f all scales. It is necessary to find out what are more local related
ehavior and the dynamic flow due to different scale. For exam-
le, pressure fluctuation caused by medium-sized bubble closed
o the pressure port.

f
t
s
w

Fig. 7. Original pressure series and approximate coefficients series of
beads and (b) polyethylene powder.

Signal series were generally decomposed into approxima-
ions and details of different scales. The flow dynamics in the
ast fluidized bed systems is discussed at three levels of details
21–22]: micro-scale signals characterizing individual particle
ovement, meso-scale signals describing bubble and emul-

ion phases, and macro-scale accounting for the effect of the
uidized bed unit on the system behavior. Each level of informa-

ion decomposed by wavelet represents information of different

requency band of original signals [23]. Examples of decomposi-
ion of pressure fluctuations are shown in Figs. 7 and 8. Pressure
ignal can be decomposed into higher scales (>6). However, it
as difficult to estimate some parameters (e.g. K) with limited

scale 1–6 at Ug = 2Umf and h = 36 cm for polyethylene powder.
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Fig. 8. Original pressure series and detail coefficients series

ata points at very large scales. At very high scale, the decom-
osed data are very smooth and some useful information was
ltered. As such, high scales (>6) were not analyzed in this work.

Figs. 7 and 8 illustrate well the reduction in the high-
requency components with the scale in the approximation and
etail series. Fluctuation is very chaotic with mainly high-
requency and low-amplitude components for D1–D3, while

here are more relatively large and smooth fluctuations in
4–D6. The approximate series A4–A6 show less small-scale
uctuation and A6 was used for further analysis of global bub-
ling behavior (macro-scale).

A
fl
n
r

Fig. 9. Dominant cycle time for approximate coefficients of sca
le 1–6 at Ug = 2Umf and h = 36 cm for polyethylene powder.

Dominant cycle time and average cycle time were calculated
rom approximate series at scale 6 (A6) providing information
bout the global bubbling behavior, as shown in Figs. 9 and 10.
CT of A6 (Fig. 10) is much higher than that from original

eries due to the clean and smooth nature of large-scale approx-
mate series. In contrast to the trend shown in Fig. 2(a) using the
riginal series for glass beads, ACT and DCT generated from

6 decrease with an increase of Ug at h < 36 cm. Most of small
uctuations with high frequency and low amplitude in the origi-
al series at lower Ug were removed in A6, the remaining series
eflecting the time interval of appearance of large bubbles. A

le 6 (A6) for (a) glass beads and (b) polyethylene powder.
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Fig. 10. Average cycle time for approximate coefficients o

arge ACT indicates the contribution of less frequent and larger
ubbles to the original pressure fluctuation. DCT further cap-
ures larger scale trends in A6 than ACT, which makes DCT

uch higher than ACT at h = 56 cm. For polyethylene pow-
er, ACT and DCT from A6 vary with bed height and show
imilar trends. ACT and DCT from A6 do not show impor-
ant change with Ug, compared to that seen with the original
eries (Fig. 2b). This suggests that the appearance frequency of
arge bubbles does not increase significantly with an increase of

g, which makes for a uniform gas distribution of small bubble
n gas-polyethylene fluidized beds. Average axial bubble rise
elocity did not vary significantly with bed height and superfi-
ial gas velocity for polyethylene powder as verified from X-ray
uoroscopy measurements (Fig. 5).

Wavelet energy from approximate coefficients varies sim-

larly with scale and bed height for both glass beads and
olyethylene particles. Fig. 11 shows examples for polyethy-
ene particles for one bed height (h = 16 cm) and one scale (A6).

A
K
s

Fig. 11. Wavelet energy estimated from approximate coefficients for polye
e 6 (A6) for (a) glass beads and (b) polyethylene powder.

avelet energy increases with an increase of scale due to the
ncrease of amplitude of most approximate coefficients with
cales using DB6 wavelet. Pressure fluctuations at higher posi-
ions of the bed were less frequent, therefore wavelet energy
ecreases with an increase of distance from distributor. Stan-
ard deviation (SD) also varies similarly with scale and h for
oth glass beads and polyethylene particles as shown in Fig. 12
or polyethylene particles. Explanation for the trends should be
imilar to those for wavelet energy. Higher SD close to distrib-
tor at h = 6 cm indicates more frequent pressure fluctuations.
imilar values of SD at h = 16 and h = 36 are due to the combi-
ation effect of fluctuation of amplitude and frequency. Lower
alue of SD close to the bed surface indicates weak pressure
uctuations mainly due to gas phase behavior.

In order to further quantify the difference among D1–D6,

CT and K were calculated as shown in Fig. 13. ACT and
of D1–D6 are not significantly affected by changes in the

uperficial gas velocity Ug, which is likely due to the rela-

thylene powder. (a) Ug = 2Umf and h = 16 cm; (b) Ug = 2Umf and A6.
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ively small-scale feature of detail series. The values of ACT
nd K for both glass beads and polyethylene were also similar
t comparable operating conditions. Therefore, only the results
f polyethylene at one superficial gas velocity are shown in this
aper.

ACT increases and K decreases as the scale increases from 1
o 6. This indicates that K is greatly affected by the average cycle
ime. High-frequency fluctuations with low ACT correspond to
igh K value, indicating a very chaotic and less predictable bub-
ling behavior. From the high K value estimated from D1 and
2, the first two scales are likely due to chaotic flow of parti-

les or noise in the bed, which is micro-scale. D3–D6 are likely
ue to flow behavior of meso-scale bubbles or bubble and dense
hase interaction. K and ACT from D3 and D4 change with bed

eight, indicating local meso-scale bubble flow behavior close
o the measurement pressure port. Flow behavior from D5 and
6 is hard to be distinguished from K and ACT for different
easurement positions for both glass beads and polyethylene

v
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c
p

ig. 13. (a) Average cycle time and (b) Kolmogorov entropy of detail coefficient ser
owder at Ug = 2Umf.
proximate coefficients for polyethylene powder.

articles. D5 and D6 will be further investigated using wavelet
nergy and standard deviation.

Wavelet energy and standard deviation estimated from detail
oefficients for both glass beads and polyethylene particles are
hown in Figs. 14 and 15. Wavelet energy and SD from D1 and
2 are almost the same and close to zero. This confirms that
1 and D2 may be caused by micro-scale behavior of particles
r electronic noise. As profile for D3–D6 changes with mea-
urement positions, D3–D6 indicates certain amount of local
ehavior. Variation of wavelet energy and SD with measure-
ent positions is very significant for D3 and D4, indicating

trong local behavior of meso-scale bubbles. D5 is likely caused
y the combination of local and global meso-scale bubble behav-
or. Wavelet energy and standard deviation estimated from D6

aried significantly with measurement positions for glass beads
ut much less significantly for polyethylene power. This indi-
ated that glass beads are more likely to form large bubbles than
olyethylene particles. Large bubbles also caused strong local

ies (D1–D6) decomposed from denoised pressure fluctuation for polyethylene
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Fig. 14. Wavelet energy estimated from detail coefficient series (D1–D6) decomposed from denoised pressure fluctuation for (a) glass beads and (b) polyethylene
powder, at Ug = 2Umf.
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ig. 15. Standard deviation estimated from detail coefficient series (D1–D6) dec
owder, at Ug = 2Umf.

ehavior at scale 6 for glass beads. Larger bubble size for glass
eads compared to polyethylene under comparable operation
onditions was verified from X-ray fluoroscopy measurements
Fig. 5). This indicated that bubble behavior could essentially
e captured by pressure fluctuation measurement.

Our results are consistent with those reported by Ellis et
l. [10,11]. Further analysis could be performed on the detail
oefficient series. The number of peaks (D4 and D5) and peak
mplitude may provide information about the bubble frequency
24,25] and bubble diameter [26]. Frequency content of objects
ould be obtained from wavelet coefficients [1], where smooth
oefficients mainly captured the objects of low frequency oscil-

ations (large bubbles) in the pressure signal, and the detail
oefficients captured the ones of higher frequency (small bub-
les) over the time. Furthermore, wavelet analysis confirms
hat multi-scale flow behavior is a common phenomenon in

s
b
b
b

sed from denoised pressure fluctuation for (a) glass beads and (b) polyethylene

as–solids two-phase flow systems, as reported by Wu et al.
27].

. Conclusions

Wavelet denoising was effectively used for pretreatment of
xperimental pressure fluctuation measurements. The similari-
ies and differences of flow dynamics between glass beads and
olyethylene powder were identified using ACT and K from
enoised pressure series. Multiscale flow behavior was further
haracterized from wavelet decomposition of denoised time
eries: global (macro-scale) bubbling flow behavior was repre-

ented from A6; D1 and D2 were likely due to micro-scale flow
ehavior of particles or noise; D3–D4 reflected local meso-scale
ubbling behavior; D5–D6 represented meso-scale of large bub-
les flow behavior. Glass beads are more likely to form large
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ubbles with strong local behavior compared to polyethylene
nder comparable operation conditions. Similarities and differ-
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