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a b s t r a c t

As a high-performance material with great application potential, the application of carbon nanotubes has
been limited by their production volume. A distributor-less conical fluidized bed is the main equipment
used in the industrial production of carbon nanotubes. To improve the production volume and product
quality of carbon nanotubes, the study of fluidized-bed-diameter scaling is important. Three different
diameters of distributor-less conical fluidized beds were established, and then the particle behavior and
bubble characteristics of carbon nanotube clusters at these bed diameters were investigated. Time-series
and wavelet analysis methods were used to analyze the pressure-fluctuation signals inside the fluidized
beds. Results showed that the distributor-less design caused the airflow to break through the middle of
the bed, which did not change with the change in bed diameter. The powder-bridging phenomenon of
carbon nanotube clusters in a 100-mm-diameter fluidized bed was related to the special microstructure
of carbon nanotube clusters. The frequency of pressure fluctuations in the bed decreased nonlinearly
with increasing bed diameter. This study can guide the design and scale-up of distributor-less conical
fluidized beds, especially for the scale-up of carbon nanotube production equipment, which can
contribute to the improvement of carbon nanotubes’ capacity and quality in industrial production.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Fluidized beds have gained great popularity as well-established
production equipments since first being put into commercial use in
1920. Compared to fixed bed reactors, fluidized bed reactors offer
advantages such as good particle mixing and greatly increased
gasesolid contact area in catalytic reactions containing solid cata-
lysts [1e4]. In addition to promoting mass transfer, gasesolid
mixing also improves the heat transfer between the particles, gas,
and the reactor wall or heat exchange tube, allowing a constant
temperature and pressure to be maintained inside the reactor [5].
With fluidized bed reactors, unique processes can be used to pro-
duce gasoline, perform ore calcination, coal and biomass combus-
tion, and olefin polymerization, and produce biosynthetic methane,
all of which are widely used in the chemical, metallurgical, envi-
ronmental, and pharmaceutical industries [6e8].

Carbon nanotubes are seamless cylinders formed by the
convolution of one or more layers of graphite and have good me-
chanical, electrical and thermal properties [9]. Furthermore, they
can be widely used in various fields, e.g., agriculture, microelec-
tronics, quantum technology, bio-detection, environmental pro-
tection and energy storage [10e15]. However, carbon nanotubes
are currently not available for large-scale applications due to pro-
duction costs and production volume limitations. Solving the
problem of low-cost, large-scale production of carbon nanotubes is
the top priority for carbon nanotube applications. Fluidized bed
reactors can provide good gasesolid contact area and growth space,
and combined with the chemical-vapor deposition method in
preparing carbon nanotubesdcurrently provide the best solution
to increase the production volume of carbon nanotubes [16]. The
focus in the bulk preparation of carbon nanotubes must be on
the fluidization of the carbon nanotube cluster particles, which
includes the interaction between the particles and the gas, between
the particles, and between the particles and the reactor walls [17].

Carbon nanotubes tend to clog the distributor and cause dead
zones during their growth because they are sticky nanoclusters
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with a three-dimensional mesh structure of attachments. Further-
more, because the preparation of carbon nanotubes is performed at
high temperatures (generally >600 �C), long-term continuous use
will lead to clogging, sintering, and fatigue fracture of the distrib-
utor. Accordingly, we proposed a distributor-less conical fluidized
bed in the previous stage of our research [18]. In this particular
fluidized bed, the characteristics of gasesolid two-phase flow are
not only affected by various factors, e.g., the density difference
between the two phases of gasecarbon nanotube clusters and
cluster characteristics but also change with the change in fluidized
bed diameter. Moreover, the performance of the fluidized bed has
been significantly influenced by the size of the bed diameter, which
is the focus and difficulty of fluidization research. Over the past
century, the scaled-up design methods for fluidized beds have
changed from simple scale-up and Edisonian unit experiments to
advanced modeling, cold fluidization tests, and pilot plants asso-
ciated with machine learning [19]. It is necessary to study the hy-
drodynamic properties of the bed in detail to improve the scale-up
of fluidized bed reactors. Therefore, to achieve the development of
carbon nanotube fluidization technology and the mass production
of carbon nanotubes, it is important to study the fluidization
behavior of a step-by-step scale-up of a distributor-less conical
fluidized bed and the flow structure of carbon nanotubes within it
through experimental observations and data analysis [20].

In this paper, mass-transfer characteristic tests of carbon
nanotube cluster fluidization were conducted in three distributor-
less conical fluidized beds with a step-by-step scale-up of bed
size. These tests facilitated the investigation of the problems
encountered in the scale-up process of the distributor-less conical
fluidized bed and allowed us to gain experience for the design and
scale-up of the proposed distributor-less conical fluidized bed.

2. Experimental

Experiments were performed in three cold conical fluidized
beds without distributors, and polymethyl methacrylate was used
as the experimental setup material. As shown in Fig. 1, the fluidized
beds have diameters of 50, 100 and 300 mm, with similar geome-
tries. In addition, as shown in Fig. 2, each is divided into an upper
cone, a cylinder, and an expansion section. The fluidization of large
particles is ensured by the high gas velocity of the lower cone. The
presence of the upper expansion section reduces the gas velocity to
prevent the fine particles it carries from being blown out. To further
stop the fine particles from spilling out with the gas, the baghouse
is set at the top of the expansion section.

Carbon nanotube clusters can form a three-dimensional
mesh structure in the microscopic state owing to their long one-

dimensional tubular morphology and high intermolecular forces.
This special structure makes the length of the fluidization time of
carbon nanotube clusters affect the fluidization characteristics of the
particles. In our previous work, the minimum fluidization velocity of
carbon nanotube clusters wasmeasured to be 0.04 m$s�1 by the bed
expansion curve [9]. Therefore, the gas velocity was first increased
above the minimum fluidization velocity (0.04 m$s�1) and
completely fluidized for 10 min before the experiment to break the
three-dimensional mesh structure of carbon nanotube clusters and
reduce its effect on fluidization. For the experiments, the air was first
compressed by a compressor into a storage tank and then dispatched
through a valve control so that the velocity of the discharged gas was
uniformand stable. Anairflowmeterwith anaccuracyof 4%wasused
to record the flow rate of the discharged gas. The gas entered the
conical fluidized bed from the bottom. Pressure fluctuations between
the interior of the conical fluidized bed and the ambient atmosphere
were measured using a differential pressure transmitter with sam-
pling points located at the radial center of a cylindrical section of the
bed, above the static bed, and at the other end in the air environment.

A gas valve was used to control the gas velocity during fluid-
ization, the measurement was repeated three times for each data
point, and the measured data were recorded as gauge pressure,
with the other port of the sensor connected to the atmosphere.
Data were sampled at 200 Hz for 50- and 100-mm-diameter beds
and at 400 Hz for 300-mm-diameter beds, with a continuous
sampling time of 3 min.

A Testo 510i differential-pressure-measuring instrument (Testo,
Germany) was used to monitor and collect the pressure drop in the
bed. The measurement range was 0e15 kPa with a measurement
accuracy of ±5 Pa (0e100 Pa) ± (20 Pa þ 1.5% measured value)
(1e15 kPa), with a resolution of 1 Pa. A CYG 1219 piezoresistive
differential pressure transmitter with a range of 0e10 kPa and an
accuracy of ±0.5% full scan was used to monitor pressure fluctua-
tions. Furthermore, a USB-6002 data acquisition module was used
to collect pressure fluctuation data. The measurements were
recorded as gauge pressure with one port of the sensor plugged
into the bed and the other port connected to the atmosphere.

Air at room temperature was used as the fluidization medium,
and agglomeratedmulti-walled carbon nanotubes were used as the
bed material. Table 1 lists the physical properties of the particles,
whereas Table 2 shows the particle-size distribution.

3. Signal Processing and Analysis Methods

Pressure fluctuation signals in fluidized beds are reliable, easy to
measure, highly accurate, and inexpensive and have a very
important place in the study of flow characteristics in fluidizedFig. 1. Schematic diagram of fluidized bed step-by-step scaling.

Fig. 2. Schematic of experimental apparatus.
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beds [21]. The generation of pressure fluctuations is associatedwith
a variety of factors, including the composition of bubble motion,
bed oscillations, and pressurewaves at other sites [22]. Van Ommen
et al. [23] concluded that absolute pressure fluctuations (i.e., the
pressure measured at one location) reflect both local and global
fluidization phenomena, but global fluidization phenomena, i.e.,
phenomena that can be measured everywhere in the bed, such as
bubble eruptions on the bed surface, have the greatest impact.
Therefore, the analysis of the pressure-fluctuation signal allows us
to obtain important characteristics such as the flow characteristics
and bubble behavior of the particles in the fluidized bed.

3.1. Time-series analysis

The most widely used method in time-domain analysis is to
determine the magnitude of pressure fluctuations, expressed as
standard deviation. In fluidized beds, this methodmakes it possible
to determine the minimum fluidization velocity [24].

Bed pressure fluctuations are represented as a time series of
data points x(n), where n¼ 1, 2, 3,…,N;N is the total number of data
points, and the sampling frequency is fs.

Pressure fluctuations are expressed as standard deviations [25]:

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN
n¼1

ðxðnÞ � xÞ2
vuut (1)

where x is the average pressure.
Skewness (S) is a numerical characteristic of the degree of

asymmetry in the distribution of statistical data. The equation is
[26]:

S¼ 1
Ns3

XN
n¼1

ðxðnÞ � xÞ3 (2)

The skewness of the normal distribution is 0. When S > 0 and
S < 0, the distribution is skewed to the right or left, respectively.

The flatness or peak in the data distribution is called kurtosis (K)
and is calculated as follows:

K ¼ 1
Ns4

XN
n¼1

ðxðnÞ � xÞ4 (3)

The kurtosis of the normal distribution is 3, and the kurtosis of
the uniform distribution is 1.8. For intermittent systems, the flat-
ness can also be considered as the ratio of the time spent in the
stationary condition to the time spent in the active condition [27].

3.2. Wavelet analysis

The pressure-fluctuation signals measured from within the
fluidized bed are complex and include components at multiple
scales. Wanting to quantitatively analyze the dominant behavior of
carbon nanotube clusters during fluidization, the pressure-fluctu-
ation signals during fluidization can be decomposed to extract the
energy shares of their individual scale structures [9,28e30].
Wavelet analysis is a signal-processing method with the advan-
tages of multi-resolution and multi-basis functions [31] and is
widely used in the analysis of fluidized bed pressure-fluctuation
signals [32,33]. Bai et al. [34] successfully analyzed the contribution
of the sub-signal to the total energy of the structure using wavelet
analysis of the signal. The wavelet transform of the time series
signal X is expressed as follows:

Wf ða; bÞ¼
1ffiffiffiffiffiffijajp

ðþ∞

�∞

xðtÞ4*
a;b

�
t � b
a

�
dt (4)

where Wf ða; bÞ is the wavelet coefficient; 4*
a;bðtÞ denotes the

wavelet basis function; a and b are the expansion factor and
translation factor, respectively, which range from �∞ to þ∞, and a
s 0.

The original signal will be decomposed into different levels by
the discrete wavelet transform. The decomposition process is per-
formed several times until the signal reaches the desired decom-
position level J [35]. According to the theory of multiscale signal
decomposition [33], the components with different resolutions
represent the signal characteristics at different scales. For a
continuous signal X(t), the orthogonal wavelet level is approxi-
mated as follows:

XðtÞ¼AjðtÞ þ
XJ
j¼1

DjðtÞ (5)

Table 1
Experimental particle property materials

Material Equivalent diameter dp=mm True density rt=g$cm�3 Particle porosity ε=%

MWCNT 0.78 1.51 85.468

Table 2
Particle size classification of MWCNT

Mesh size/mm Percentage of sieve residue/% Cumulative percentage retained/% Percentage passing/%

2.360 0.069 0.069 99.931
1.700 0.047 0.116 99.884
1.400 0.225 0.341 99.659
1.180 0.120 0.461 99.539
1.000 2.364 2.825 97.175
0.880 2.550 5.375 94.625
0.830 5.605 10.980 89.020
0.550 11.057 22.037 77.963
0.250 65.259 87.296 12.704
0.115 12.552 99.848 0.152
Sieve bottom 0.151 99.999 0.001
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Ajþ1ðtÞ¼
X
k

hðk� 2tÞAjðtÞ (6)

Djþ1ðtÞ¼
X
k

gðk� 2tÞDjðtÞ (7)

The coefficients of the low-pass and high-pass filters calculated
from the basic wavelet and scale functions are h(ke2t) and g(ke2t),
respectively.

Third-order Daubechs wavelets (db3) can be used to analyze the
signal. In this study, the multiscale signal of pressure fluctuations
measured in a distributor-less conical fluidized bed was calculated
using db3. According to the Nyquist sampling theorem, the sam-
pling frequency is twice the maximum frequency of the signal to
avoid the loss of useful flow information [36]. Here, a sampling
frequency of 400 Hz allows themeasurement of signals in the range
of 0e400 Hz. Fig. 3 shows the corresponding frequency band for
each sub-signal in the eight-level decomposition. Moreover, the
energy of the signal is usually described by the wavelet coefficients,
and the sum of the squares of thewavelet coefficients is equal to the
energy of the sub-signal. Thus, the energy of the detailed signal,
DjðtÞ, can be expressed by Eq. (8) [32]:

EjD ¼
Xn
t¼1

��DjðtÞ
��2 (8)

Calculate the total energy of the detailed signal for different
levels of J and the approximate signal for level J [37]:

E¼ EJA þ
XJ
j¼1

EjD (9)

4. Results and Discussion

4.1. Standard deviation of pressure fluctuations

The source of pressure fluctuations is mainly generated by the
collisional oscillations of the carbon nanotube clusters with the gas
stream. Fig. 4 shows the standard deviations (Ds) and data (Dd) of
pressure fluctuations for three different diameters of conical flu-
idized beds without distributors. The pressure fluctuations for the
three different diameters of the fluidized bed are represented by 50,
100 and 300 mm in the figure. The pressure fluctuations for all
three fluidized beds range from 12.5 to 22.5 Pa and show different
trends with increasing surface gas velocity.

Fig. 4(a) shows the standard deviation of pressure fluctuations
in a 50-mm-tube-diameter fluidized bed. The pressure fluctuation
decreases slowly as the surface gas velocity increases.When the gas
velocity is low, the bed is not completely fluidized and the gas
stream breaks through along the gap in the middle of the bed. As
the gas velocity increases, it can be observed that the gas breaks up
as large bubbles on the surface of the bed, driving the carbon
nanotube clusters in the center of the bed upward. At this time, the
collision between the gas flow and the particles is more intense,

and the pressure fluctuation is larger. When the gas velocity
increases further, the bed enters into a fully fluidized state, and the
large bubbles brought by the breakthrough in the middle of the gas
flow turn into small bubbles uniformly and densely on the whole
bed surface; the gas oscillation weakens and the amplitude of
pressure fluctuation decreases. When the gas velocity exceeds
0.05 m$s�1, the fluidization of the bed gradually becomes strong,
and the amplitude of pressure fluctuation starts to rise with the
increase of gas velocity.

Fig. 4(b) shows the standard deviation of pressure fluctuations
for a fluidized bed with a tube diameter of 100 mm. As the surface
gas velocity increases, the pressure fluctuation shows an increase,
then a decrease, and then an increase between 20.4 and 22.4 Pa,
which is quite different from the standard deviation of pressure
fluctuation for ordinary particle fluidization. When the gas velocity
is low, the bed shows a trench flow phenomenon, i.e., a single large
bubble passes through the bed, leading to an increase in the
amplitude of pressure fluctuations. After the gas velocity increases,
the agglomerates within the bed are compacted under the action of
air pressure and its gravity, and the bed is de-fluidized as a whole,
and the amplitude of pressure fluctuation becomes smaller at this
time. When the gas velocity continues to increase, the bed splits
into two parts, with the upper layer de-fluidized and the lower
layer fully fluidized. The phenomenon of powder bridging appears,
as shown in Fig. 5.

Under the gas pressure brought by the airflow, the upper part of
the bed is lifted as awhole and does not enter the fluidization state,
whereas the lower part of the bed enters the turbulent fluidization
state within the limited space of the cone. This is caused by the
higher interparticle forces due to the unique three-dimensional
mesh structure of the carbon nanotube clusters, as shown in
Fig. 6. Due to the high van der Waals forces between the particles,
as well as the gravitational effect of the high bed surface and the
compressive effect of the gas pressure below, the carbon nanotube
clusters at the upper part of the bed surface easily clump together
to form relatively tight aggregates. In the cylindrical cross-section
at the upper part of the bed, the gas velocity is constant and low
and cannot break through the carbon nanotube agglomerates,
which causes the air pressure below the agglomerates to rise
continuously and lift them as a whole. In the lower part of the bed,
at the cone with a smaller inner diameter, where the gas velocity is
several times higher than at the cylindrical cross-section, the car-
bon nanotube agglomerates here are broken by the high gas
velocity. The broken small carbon nanotube agglomerates enter the
turbulent fluidization state, causing the pressure fluctuation
amplitude to appear suddenly in waves at this point. As the gas
velocity continues to rise, the carbon nanotube agglomerates on the
cylindrical cross-section of the fluidized bed are also lifted with the
increase in air pressure below. After reaching the highest point and
being broken up by the high gas velocity, the upper part of the bed
falls back to the lower cone. At this point, the bed as a whole enters
the particle fluidization state, and the pressure-fluctuation ampli-
tude decreases. With the further increase of gas velocity, the bed as
a whole successively enters the bubble fluidization and turbulent
fluidization states, whichmakes the pressure fluctuation amplitude
rise steadily.

Fig. 4(c) shows the pressure fluctuations inside the 300-mm-
tube-diameter fluidized bed, which fluctuate between 12.4 and
14.0 Pa. The pressure-fluctuation amplitude decreases and then
increases slowly with the increase of gas velocity. When the gas
velocity is low, the sources of pressure fluctuation in the bed are
mainly channel flow and large bubbles. As the gas velocity
increases, the channels of channel flow in the bed are bridged and
eliminated by gas pressure. The bed as a whole starts from particle
fluidization and enters into bubble fluidization, turbulent

Fig. 3. The decomposition map and wavelet transform of the main signal are pro-
cessed with a sampling frequency of 400 Hz.
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fluidization, and finally complete fluidization, successively. The
amplitude of pressure fluctuation increases steadily. Fig. 4(d) shows
the comprehensive comparison of the standard deviation of fluc-
tuations of carbon nanotube clusters in the fluidized bed with three
different tube diameters. It can be seen that the pressure fluctua-
tions of carbon nanotube clusters in the 100-mm-diameter
fluidized bed are much higher than those in the 50 and 300-mm-
diameter fluidized beds, and the pressure fluctuations of carbon
nanotube clusters in the 50-mm-diameter fluidized bed are slightly
higher than those in the 300-mm-diameter fluidized bed. This is
related to the upper and lower stratified bed morphology observed
in the 100-mm-tube-diameter fluidized bed, where high-pressure
fluctuations, inadequate fluidization, and high energy losses, as

well as excessive gas velocities, make the gas residence time
decrease and lower raw material utilization, which is not
economically and environmentally efficient. This is also a phe-
nomenon that needs to be avoided when designing and scaling-up
fluidized beds.

4.2. Skewness and kurtosis of pressure fluctuations

The skewness indicates the degree of asymmetry of the proba-
bility density function. If the skewness is <0, the data are left--
skewed with a long right tail; Conversely, if the skewness is >0, the
data are right-skewed. Kurtosis is used to describe the relative peak
of the probability density function [21]. Fig. 7 shows the effect of
different bed diameters on the skewness and kurtosis of pressure
fluctuations with increasing gas velocity. From Fig. 7(a), it can be
seen that the fluidized bed with a diameter of 50 mm has the

Fig. 4. Standard deviations of pressure fluctuation of distributor-less fluidized beds with different diameters: (a) 50 mm, (b) 100 mm, (c) 300 mm and (d) 50e300 mm.

Fig. 5. Fluidization image of carbon nanotube agglomerates in 100-mm-bed-size flu-
idized bed at Ug ¼ 0.0318 m$s�1.

Fig. 6. Three-dimensional mesh structure of carbon nanotube clusters.
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highest skewness, between 0.20 and 0.45, which fluctuates up and
down with increasing gas velocity, whereas the skewness of the
300-mm-diameter fluidized bed is slightly lower, between 0.15 and
0.35, with a slight upward trend with the increase of gas velocity.
The data distribution of these two beds is slightly right-skewed
with pressure-fluctuation peaks and long tails on the right side of
the distribution. The skewness of the 100-mm-diameter fluidized
bed is very low, with constant positive values between 0 and 0.05,
hardly varying with gas velocity, and the data are more evenly
distributed around the mean value.

From Fig. 7(b), it can be seen that the kurtosis of the pressure-
fluctuation data for the three beds always remains below 0.9. The
kurtosis is the highest for the 50 and 300-mm-diameter fluidized
beds, ranging from 0.15 to 0.9. The kurtosis distribution is larger for
the 50-mm-diameter fluidized bed than for the 300-mm-diameter
fluidized bed, and the peak pressure fluctuations are higher and
sharper for these two fluidized beds. The kurtosis of the 100-mm-
diameter fluidized bed was less than 0, between �0.105 and �0.60,
and the peaks of pressure fluctuations in this bed were shorter and
flatter. In general, all three beds have smooth pressure fluctuation
peaks between �1.2 and 1.2.

The conclusions obtained from this experiment for fluidization
experiments with three different bed diameters are in good
agreement with the experimental results of our previous study [9].
This experiment shows that when carbon nanotube clusters are
fluidized in a distributor-less conical fluidized bed, the wall effect
decreases with increasing bed diameter.

4.3. Wavelet analysis of pressure-fluctuation signals

Fig. 8 shows the pressure fluctuation signals for three fluidized
beds with diameters of 50, 100 and 300 mm, respectively. The data
were measured at a gas velocity of 0.06 m$s�1 when the carbon
nanotube clumps in the reactor were in a fully fluidized state. It can
be seen that the original measured signals consist of multiple se-
quences of noise signals, and the amplitude and temporal behavior
of the signals of the three beds are very similar, all belonging to the
single-bubble mode. Among them, the pressure fluctuation fre-
quency of the 300-mm bed is the lowest, which is only about half of
the pressure-fluctuation frequency of the 100-mm bed, whereas
the pressure fluctuation frequency of the 50-mm bed is the highest.
It can be seen that the pressure-fluctuation frequency increases
with decreasing bed diameter and shows a nonlinear trend, which
indicates that the pressure-fluctuation frequency of the fluidized
bed is related to the bed diameter.

The energy contribution share of carbon nanotube clusters
within the conical fluidized bed of different diameters for each

structure is detailed in Figs. 9e11. As shown in Figs. 9(a) and 10(a),
the energy contribution of the 300-mm-diameter fluidized bed at
the microscopic scale ranges from 50% to 75%, and the energy
contribution at the mesoscopic scale ranges from 25% to 45%, and it
fluctuates widely with gas velocity. The two scales, microscopic and
mesoscopic, occupy 95% of the energy distribution, which is
different from the results for the 50 and 100-mm-diameter fluid-
ized beds. The microscopic scale occupies more than 95% of the
energy distribution and does not fluctuate much with the gas ve-
locity. This experiment validates Zhang's experiments [9] and
proves that the bed size affects the energy distribution of the
different structures of the fluidization process.

Figs. 9(b), 10(b) and 11(b) show the similarities and differences
in the energy structure distribution of carbon nanotube clusters in
conical fluidized beds with 50 and 100-mm diameters. The fluid-
ization behavior of carbon nanotube clusters in both 50 and 100-
mm conical fluidized beds is dominated by the microstructure, i.e.,
particle-to-particle collisions. This is because these two beds are
smaller than 125 mm in diameter and are lab-scale fluidized beds,
where the wall effect brings more influence. However, there are
differences in the fluidization behavior of these two beds. The en-
ergy of the 100-mm-diameter fluidized bed is almost completely
distributed in the microstructure, with only a slight attenuation at
high gas velocities. This is related to the lap-bridge phenomenon, in
which the upper layer of the carbon nanotube cluster bed is
defluidized, and the lower layer is fully fluidized. The fluctuation of
the mesoscopic energy distribution of carbon nanotube clusters in
the 50-mm-diameter conical fluidized bed is higher than that in the
100-mm-diameter fluidized bed. The energy proportion of the
macroscopic structure in the 50-mm-diameter conical fluidized
bed is also the highest among the three beds types. This indicates
that a small fraction of the energy of carbon nanotube clusters in

Fig. 7. Skewness and kurtosis of pressure fluctuations in different bed diameters (D=H ¼ 1 : 2; dp ¼ 0:35 mm): (a) skewness and (b) kurtosis.

Fig. 8. Pressure-fluctuation signals at the same gas velocity for fluidized bed reactor
diameters of (a) 50 mm, (b) 100 mm and (c) 300 mm, respectively.
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the 50-mm-diameter conical fluidized bed is wasted on gasegas
and fluidized bed inner wall surface collisions.

As the diameter of the distributor-less conical fluidized bed
expands step by step, the bubble eruption frequency gradually
decreases, and the bubble size gradually increases. In the 100-
mm bed diameter condition, the fluidized mass is weaker than
that for 50-mm bed diameter due to the powder-bridging phe-
nomenon, but after the bridging phenomenon disappears, the
fluidized mass picks up again. The 300-mm-bed-diameter fluid-
ized bed has partial energy loss during bubble movement and
rupture.

5. Conclusions

In thiswork, thefluidization behavior andfluidizationproperties
of carbon nanotube clusters in three distributor-less fluidized beds
with 50, 100 and 300-mm diameters were investigated by mathe-
matical methods such as time-series analysis and wavelet analysis.
The conclusions of this study can be summarized as follows:

(1) In all three conical fluidized beds, the gas breaks through the
center of the bed, which is caused by the distributor-less
design.

Fig. 9. Percentage energy contributions of microstructure at different fluidized bed diameters: (a) 50e300 mm and (b) 50e100 mm.

Fig. 10. Percentage energy contributions of mesostructure at different fluidized bed diameters: (a) 50e300 mm and (b) 50e100 mm.

Fig. 11. Percentage energy contributions of macrostructure at different fluidized bed diameters: (a) 50e300 mm and (b) 50e100 mm.
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(2) Carbon nanotube clusters in a conical fluidized bed with a
diameter of 100 mm show a bridging phenomenon with the
upper layer deliquescent and the lower layer completely
fluidized. This phenomenon causes high-pressure fluctua-
tion, insufficient fluidization, and high energy loss. Moreover,
high gas velocity also makes the residence time of gas
decrease, which reduces the utilization rate of rawmaterials.

(3) The pressure fluctuation frequencies of the carbon nanotube
clusters in the three conical fluidized beds with different di-
ameters were different. This indicates that the frequency of
pressure fluctuation in a distributor-less conical fluidized bed
is related to the bed diameter and that its trend is nonlinear.

(4) It was confirmed within a certain range that the bed size
affects the multi-scale energy structure distribution of car-
bon nanotube clusters within a distributor-less conical flu-
idized bed.
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Nomenclature

a dilation factor
b translation factor
D diameter of fluidized bed
DjðtÞ the energy of the detail signal
dp equivalent diameter of CNTs, mm
E the energy of a signal, Pa2

EJA the decomposed cumulative energy of level J
approximation signals, Pa2

EjD the decomposed cumulative energy of different level j
detail signals, Pa2

g gravity acceleration
H static bed height, m
H0 static initial bed height, m
J desired decomposition level of multi-scale

decomposition
j wavelet decomposition level
K kurtosis
N total number of samples
n total sampling point
S skewness
Ug superficial gas velocity, m$s�1

Wf ða;bÞ wavelet coefficient
XðtÞ the orthogonal wavelet level approximates the

continuous signal
x pressure fluctuation signals
x average pressure, Pa
xðnÞ a series of time signals points
xðtÞ raw time series signal
ε particle porosity of CNTs, %
rt true density of CNTs, g$cm�3

s standard deviation, Pa
4*
a;bðtÞ wavelet basis function
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