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Abstract

Pressure fluctuations of fluidized beds have been used to evaluate the fluidization quality. In bubbling fluidized beds, the bed behavior is
characterized by bubbling. The information indicated by the pressure fluctuation signals can be applied to describe those behaviors. The
signals representing the characteristics of bubbling can be separated from original signals through discrete Wavelet analysis. Considering
the principles of Wavelet, the Scale 4 detail signals can reveal the bubble behaviors in a fluidized bed. The peak frequency of the Scale 4
detail signal stands for the bubbling frequency and the peak amplitude for the bubble size. © 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

It has been demonstrated that the pressure fluctuations in a
bubbling fluidized bed are caused by the motion of bubbles
[1,2], and the amplitude of the pressure fluctuations is
related to the bed density and the size of bubble [2].
Recently, it has been shown that the pressure fluctuation
measured is a result of slow and fast propagating pressure
waves that move upwards and downwards [3]. Upward
moving compression waves originate from the formation
and coalesce of gas bubbles, and downward moving com-
pression waves are caused by gas bubble eruptions at the
fluidized bed surface [3]. He et al. [4] demonstrated that the
pressure fluctuations in a gas—solid fluidized bed could be
partitioned into a fractional Brownian motion (FBM) and
Gaussian white noise (GWN). The GWN part of the pres-
sure-fluctuation signal is caused by the jet and the formation
of the small bubbles near the distributor [4]. The pressure
fluctuations caused by such origins are transmitted upward
and reduced gradually with the increase of the bed height.
The GWN is superimposed on the largest pressure fluctua-
tion that can be represented by FBM [4].

In summary, pressure fluctuations in a fluidized bed can
reflect the bubble behavior features, such as the bubbling
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frequency and bubble size. Although, many models have
been developed to describe these behaviors [1,5-8], a valid
method to process the pressure fluctuation signals is still not
found.

In this paper, the results state that Wavelet analysis can
be used to analyze the pressure fluctuation signals effec-
tively.

2. Discrete Wavelet transform

The wavelet transform of a signal f (x) is defined as

400
W)= [ fi(x—u)du M)
where
v = o (%) @

1)(x) is a basic wavelet function. In fact, the wavelet function
replaces e ' in the Fourier transform. Wavelet transform
overcomes some shortcomings of Fourier transform. For
example, Wavelet transform can provide information of a
random signal with time and space, but Fourier transform
can not. For practical implementation, the discrete wavelet
transform is used. The following discrete wave filter func-
tions are constructed corresponding to ¥(x)
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refer to [9-11] for details

According to Wavelet transform, the original signals can
be resolved into multi-resolution signals with different
frequency bands. It is shown that the raw data can be
decomposed into different scale signals and detail signals
(wavelet transform), and the original signal may be recon-
structed from the information contained in the last scale

Original signal

signal and detail signals [12]. Ren and Li [13] indicated that
with increasing resolution, the amplitude of the resolved
signals decreases for the pulse change (noise), increases for
the gradual change and keeps constant for step variation of
resolution-independent.

A random signal is employed to elucidate the process of
wavelet transform) (see Fig. 1). First, the original signal
(Fig. 1(a)) is resolved into Scale 1 signal and Scale 1 detail
signal. Scale 1 detail signal, i.e., the wavelet transform,
captures the information with high frequency. The Scale 1
signals, i.e., the remainder of the original signals through
wavelet filter, can be further decomposed into Scale 2
signals and Scale 2 detail signals. Through a family of
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Fig. 1. Wavelet decomposition.
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Fig. 1. (Continued).

Wavelet filter, a series of detail signals is obtained with
different frequency band (see Fig. 1(d), Fig. 1(f), Fig. 1(h),
Fig. 1(j)). Scale 4 signal is the remainder signal by wavelet
transform. The original signal can be reconstructed from the
Scale 4 signal and other detail signals (see Fig. 1(b)). The
variations of three kinds of changes (pulse, gradual change
and step variation) are shown in Fig. 1(d), Fig. 1(f), Fig. 1(h),
and Fig. 1(j). They are in agreement with those in ref. [13].

In a bubbling fluidized bed, the pressure fluctuation is
associated with the bubble motion. Through wavelet filter,
the pressure fluctuation signals are resolved into multi-
resolution signals, such as the three kinds of changes
mentioned above. They are mainly originated from various
bubble behaviors. For further study on pressure fluctuations
of a gas—solid fluidized bed, the following experiments are
carried out.

@ 2 3

[

3. Experimental

The experiments were carried out in a glass column of
35 mm OD, 33 mm ID, 600 mm in height (see Fig. 2). A
sintered porous plate was used as the gas distributor. The
pressure probe was vertically installed against the wall of
the bed column. The distance between the probe and the
distributor was 15 mm. The pressure transducer was con-
nected with DATA MODEL 611/1 to pick pressure data. A
compressor provided the compressed air. The sampling
frequency was 1000 Hz, and 7000 points were collected
each time.

The method used for computing the one-dimensional
orthonormal wavelet transform of a signal is the Mallat’s
pyramidal algorithm.

The properties of particles used are listed in Table 1.

Fig. 2. Schematic diagram of experimental set-up 1: DATA MODEL 611/1; 2: pressure transducer; 3: bubbling fluidized bed; 4 rotameter; 5 valve; 6

Compressor.
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Table 1
Properties of particles

Material Diameter (mm) Density (kg m’3)

FCC 0.076 929.5

4. Results and discussion
4.1. Wavelet analysis of pressure fluctuation signals

In a gas—solid fluidized bed, the pressure fluctuations
measured are a result of propagating waves.

Schaaf et al. [3] suggested that the upward propagation of
the pressure fluctuation wave of a gas pulse could be divided
into three phases, as shown in Fig. 3. The first phase is a
homogenous oscillation representing bubble formation, the
second represents a bubble rising along the fluidized bed,
and the third represents a bubble eruption on the bed surface.
During the whole process, the first phase provides the
maximum pressure fluctuation. When the pressure wave
propagates downward, the pressure amplitude does not
attenuate below the injection point and is linearly dependent
on hpeq—hprone above the injection point [3]. In a freely
bubbling fluidized bed, the pressure fluctuations can be
regarded as the mixture of pressure waves traveling upward
and downward [3]. Thus, it can be seen that the large
fluctuations originate from the bubble formation.

Thus, we can gain the information concerning of the
pressure variation degree conveniently by using Wavelet
analysis. Fig. 4(a) shows that raw pressure data and their
decomposed signals.

The pressure fluctuation signal in a bubbling fluidized bed
is resolved into four resolution detail signals from Scale 1
(Wif(x)) to Scale 4 ((Wif(x)) with different frequency
bands. That is, original signals are decomposed by order on
the basis of frequency. The first resolved component is one
with high frequency, such as Scale 1 (Wif(x)) detail signals
(see Fig. 4(b)). Successively, detail signals with different
frequencies are separated one by one (from Fig. 4(c) to Fig.

A first phase

Pressure drop

second phase

4(j) Fig. 5). According to Ren’s method, with increasing
resolution, the amplitude of the resolved detail signals
decreases for the pulse change (noise), increases for the
gradual change, and keeps constant for step variation of
resolution-independent [13]. Then, the different resolution
detail signals reflect the varying degrees and speeds in point
of time with different frequency bands. In this work, the
pressure fluctuation signals caused by slight bed disturbance
or noise are filtered step by step in resolution. The detail
wavelet Scale 4 signals represent the bulk of radical pressure
fluctuations in a bubbling fluidized bed, in which, only the
bubbles can bring about these high pressure fluctuations. As
a result, every peak of Scale 4 detail signals stands for a
bubble. So, we generated here two questions. (1) Does the
amplitude of those peaks represent the bubble size? (2) Does
the frequency of those peaks represent the bubble fre-
quency?

In order to answer these questions, the bubble frequency
and size from wavelet analysis are compared with those of
Darton’s model [5].

4.2. Define of the minimum fluidization velocity and signal
peaks

In this experiment, U,,,; of FCC particles is defined by the
following equation [14]:
s 1/2
d,p, (ps—pg)g

dyU,
Dy _ 1(33.7)240.0408 -2 ~337
H M

®)

For fine particles, the Eq. (5) can be revised into

d (p —p )g
p\Fs ™ Fe
Unf = ——+"— (6)

1650 11

According to the above two equations, U,,¢ of FCC particles

used in the experiment is 0.00179 ms™".

third phase

Fig. 3. Schematic of the bed respond to a gas pulse.
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Fig. 4. Multi-resolution of pressure fluctuation signals (U = 0.146 m s7H (a) original signal; (b) reconstructed signal; (c) Scale ](Wz'f(x)) signal; (d) Scale
L(W1f(x)) detail signal; () Scale 2 (W2f(x)) signal; (f) Scale 2 (W3f(x)) detail signal; (g) Scale 3 (W3f(x)) signal; (h) Scale 3 (W5f(x)) detail signal; (i)

Scale 4 (W5f(x)) signal; (j) Scale 4 (W3f(x)) detail signal.

The peak points are chosen with the aid of Microcal
Origin 5.0 software. The width, height and minimum height
of pick-peaks toolbar are 0.50, 9.00 and 5.00, respectively.
The average peak frequency is obtained from the following
equation.

N
=" @

The average amplitude of peaks is described as

_2A

As4 N

®)

4.3. The bubble frequency related to the peak frequency of
Scale 4 detail wavelet signals

Many researchers pointed out that the excess gas (U-U,,¢)
could cause the bubbles [7-8], so the bubbling frequency is
a function of U-U ;.

In order to clarify that the peak frequency of Scale 4
detail signals is the bubbling frequency, Darton’s
model is examined and compared. Darton et al. [5]
indicated that the bubbling frequencies fell with U-U,ys.
The relationship of the bubble frequency and (U-U,y) is



X. Lu, H. Li/Chemical Engineering Journal 75 (1999) 113-119

scale 3 detail signal

N
T

g o
=4
2
E- 2
-4}
s
8 P L L R L L A
10 1.1 12 13 14 15 16 1.7 18 19 20
Time (s)
L))
12
oL scale 4 detail signal
6}
3t
g o
3
=
o 3
< .l
sl
a2

Time (s)

Fig. 4. (Continued).
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—2.4
fo = 12.1 O(U—Upy) 2 (h n 4.0\/A0>

It is obvious that f, is directly proportional to
(UfUmf)fo'z. Fig. 6 shows the relationship between
peak frequency and (U— Uy~ % according to the experi-
mental data. It can be seen from Fig. 6 that the fitted line
passes through the zero point, and the following relationship
exists:

©))

f’\’(U* Umf) -0.2

This agrees well with Darton’s model of f;,~(U— Umf)70'2.
Therefore,

It proves that the peak frequency of Scale 4 signal can
represent the bubbling frequency.

4.4. The bubble size related to the average peak value of
Scale 4 detail wavelet signals

According to Darton’s model,

L 054 (U=Un)™ (h + 4.0\/A)"

€

(10)

80.2

the bubble size is proportional to (U— Umf)0'4. According to
the experimental data, the relationship between average
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Fig. 5. Peaks of Scale 4 detail wavelet signal.
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peak value Ay and (U— Umf)o'4 is shown in Fig. 7. It can also
be seen from Fig. 7 that the average peak value of the Scale 4
detail signal is proportional to (U— Unmp®? as well. Thus, the
following relationship exists:

Ay~ (U—=Up)**

This agrees with Darton’s model of De~(U—Up)**.
Therefore,

A~D,

It states that the relative height of amplitude of peaks can
represent the bubble size.

5. Conclusions

Wavelet analysis provides an effective tool for analyzing
pressure fluctuation signals in a bubbling fluidized bed.
Wavelet can filter pressure fluctuation signals and obtain
the Scale 4 detail signals, which reflect the bubble beha-
viors. The peak frequency of these signals can represent the
bubbling frequency, and the average peak value can repre-
sent the bubble size.

6. List of symbols

A amplitude of a peak in Scale 4 signal

Ag catchment area for a bubble stream at the
distributor plate (m?)

Ay average peak amplitude of Scale 4 signals

dy particle diameter (m)

D, equivalent spherical diameter of bubble (m)

f average peak frequency (Hz)

o bubbling frequency (Hz)

g acceleration due to gravity (m s™%)

h height in the bed (m)

Npea distance between bed surface and gas distributor
(m)

Rprobe distance between probe and gas distributor (m)

N number of peaks in the interval of time

t interval of time (s)

U gas velocity (m s~ ')

Ung minimum fluidization velocity (m s h

6.1. Greek letters

N viscosity (Pas)

Os particle density (kg m~>)
Pe gas density (kg m )
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