12th International Conference on Fluidized Bed Technology
ESTIMATION OF AGGLOMERATE SIZE OF MULTI-WALLED
CARBON NANOTUBES IN GAS-SOLID FLUIDIZED BEDS
Sung Woo Jeong1,2, Jimin Kim3, Dong Hyun Lee1*
1

School of Chemical Engineering, Sungkyunkwan University, Seobu-ro 2066, Jangan, Suwon, Gyeonggi,
Korea
2

Korea Research Institute of Chemical Technology, Gajeong-ro 141, Yuseong, Daejeon, Korea
3

Catalyst Process R&D Center, SK Innovation, Republic of Korea
*Email: dhlee@skku.edu

Abstract – The hydrodynamic characteristics of multi-walled carbon nanotube agglomerates were
investigated using the bed collapse technique and their agglomerate size was determined using the
sedimentation method. The bed collapsing process of multi-walled carbon nanotube agglomerates was
closer to the Geldart group C particles than to the group A particles. The median diameters of the
Multiwall Carbon Nanotubes (MWCNT) agglomerates, determined by sedimentation at an initial
superficial gas velocity of 0.120 and 0.190 m/s
. The size of the
multi-walled carbon nanotube agglomerates in the fluidization state was measured by image analysis
using a high speed camera. The median diameter of the multi-walled carbon nanotube agglomerates in
the freeboard was increased from 138 to 189 m as the superficial gas velocity increased from 0.088 to
0.190 m/s at a static bed height of 0.16 m. The median diameter and size distribution determined from
the sedimentation fitted well with those measured using image analysis. In this study, the results were
reasonable up to a superficial gas velocity of 0.190 m/s.

INTRODUCTION
Geldart (1973) have classified particles based on the mean diameter of the particles and the density
difference between the particles and gas. According to Geldart classification, nanoparticles in a gas-solid
fluidization belong to group C particles. Geldart group C particles are difficult to fluidize due to their small
size and strong cohesive force. However, some researchers, Chaouki et al. (1985), Wang et al. (2002), and
Zhu et al. (2005), have reported that nanoparticles can be fluidized in the form of agglomerates. The
behavior of agglomerates in the fluidized beds can be divided into two types: agglomerate particulate
fluidization (APF) and agglomerate bubbling fluidization (ABF). Wang et al. (2002) reported that
fluidization characteristics are influenced by the density and size of the multi-agglomerate structure.
However, it is difficult to analyze the size of particles that have a strong cohesive force such as those of
Geldart group C. In addition, agglomerate size in the fluidization state differs from that obtained by size
analysis because larger agglomerates are formed in the fluidized beds. While studies on developing a model
to predict the size of agglomerates have been carried out by Castellanos (2005), Chaouki et al. (1985),
Iwadate and Horio (1998), Morooka et al. (1988), and Zhou and Li (1999), a model applicable to various
fluidized beds has not been suggested due to the differences in the properties of agglomerates and the
fluidized bed. Studies have also been carried out on modeling to predict the fluidization characteristic and
agglomerate size of nano-materials in which the morphology of the primary particle is a spherical particle
such as SiO2 and TiO2.
In gas-solid fluidized beds, Nam et al. (2004), Wang et al. (2006a), Wang et al. (2006b), Wang et al. (2007),
Weber and Mei (2013), Yu et al. (2006), and Zhu et al. (2001) have used intrusive and non-intrusive
techniques to measure the hydrodynamics and agglomerate size. While intrusive techniques including optical
probing, capacitance probing, thermal probing, and momentum probing have advantages such as low cost
and easy installation, they disturb the local behavior of particles. Non-intrusive techniques include various
tomography techniques, nuclear magnetic resonance (NMR), and digital image analysis (DIAT). These
techniques do not affect the flow of particles and can measure the fluidization behavior of a wide range.
However, most non-intrusive techniques are expensive and involve difficult installation. In numerous
studies, Nam et al. (2004), Wang et al. (2006a), Wang et al. (2006b), and Wang et al. (2007) have used
image analysis to measure the agglomerate size in the fluidized beds because it can be easily installed and is
less expensive than the other non-intrusive techniques.
For characterizing particles and the dense phase in the bubbling fluidized bed, Abrahamsen and Geldart
(1980), Barreto et al. (1983), Barreto et al. (1988), Chen and Weinstein (1994), Dry et al. (1983), Geldart and
Wong (1985), Morooka et al. (1988), Park et al. (1991), Tung and Kwauk (1982), and Yang et al. (1985)
have mainly used the bed collapse technique. The bed collapsing process generally involves three stages as
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follows: bubble escape stage, hindered sedimentation stage, and solids consolidation stage. According to
Yang et al. (1985), the bed collapsing process of the Geldart group A particles involves all three stages,
while for the group B particles, the process only involves the bubble escape stage. The bed collapsing
process for the group C particles involves both the short hindered sedimentation stage and the long solid
consolidation stage. While the results of the bed collapsing process of groups A and B particles are similar in
most of the literature, some differences are observed in the interpretation of the bed collapse characteristics
for group C particles. Geldart and Wong (1985) have reported that gases escape from the bed in the form of
channeling with time because, for the fluidization of group C particles, cavities occur in the bed instead of
bubbles. This process is similar to the solid consolidation stage for the Geldart group A particles and
proceeds at a slow rate.
In this study, the hydrodynamic characteristics of Multiwall Carbon Nanotubes (MWCNT) agglomerates
were investigated using the bed collapse technique, and agglomerate size was determined from
sedimentation using the results in the hindered sedimentation stage in which the bed surface was settled at a
constant rate. In addition, the sizes of the MWCNT agglomerates were measured in the freeboard using a
high speed camera. The result was then compared with the agglomerate sizes determined from
sedimentation.

EXPERIMENT

Fig. 1. SEM image of MWCNT agglomerates (a,b) and scheme of multi-agglomerate structure for MWCNT agglomerates (c).

The morphology of the MWCNT agglomerates used in this study is
shown in Figs. 1a and 1b. The MWCNT agglomerates have irregular
shapes such as elongated shapes and a curled up ball, as can be seen in
Fig. 1a. Fig. 1b confirms that the strands of the MWCNTs were
entangled with each other. Based on the observations from the SEM
image, the scheme of the structure of the MWCNT agglomerates used in
this study is shown in Fig. 1c. According to Yu et al. (2003), the strands
of the MWCNTs become entangled with each other during the growth of
the MWCNTs, and the primary agglomerates are then formed. At the
same time, fine primary agglomerates are aggregated in the form of subagglomerates, as can be seen in Fig. 1a. Wang et al. (2002) have reported
that these sub-agglomerates become larger agglomerates in the fluidized
3
bed
b) of the MWCNT agglomerates is 20 kg/m due
to the multi-agglomerate structure which has significant voidage. The
particle density s) is 151 kg/m3, as analyzed by a mercury porosimeter.
Fig. 2 shows a schematic diagram of the experimental apparatus to
investigate the characteristics of the MWCNT agglomerates. The
MWCNT agglomerates are fluidized in a Plexiglas column. The inside
diameter and total height of the column are 0.14 m and 2.4 m,
respectively. An expanded column of 0.3 m was placed at the top of the
column to reduce the elutriation of particles. The elutriated particles
Fig. 2. Schematic diagram of
were collected in a cyclone and returned to the column through the experimental setup; 1 air
Table 1 Static bed conditions used to measure the size of MWCNT agglomerates compressor, 2 air dryer, 3. Pressure
regulator, 4 mass flow controller, 5
in the freeboard.
Static bed condition #
1
2
3
windbox, 6 distributor, 7 fluidized
bed, 8 expansion column, 9 cyclone,
Initial bed weight; W0 [kg]
0.053
0.049
0.042
10 standpipe, 11 bag filter, 12
Initial bed height; H0 [m]
0.172
0.160
0.138
pressure transducer, 13 recorder, 14
high speed camera.
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standpipe. A porous plate was used as the gas distributor. Fluidizing gas was introduced into the column
using a mass flow controller (MFC). The first port was 0.05 m above the gas distribution for measuring the
pressure drop. Ports were placed at intervals of 0.05 m up to 0.55 m. Above the height of 0.55 m, the ports
were placed at intervals of 0.10 m. Bed material of 0.09 kg was loaded to measure the pressure drop
according to axial height. The static bed height was 0.29 m.
To observe the behavior and measure the size of the MWCNT agglomerates, a high speed camera (Phantom
V310; Vision Research Inc.) was installed at the height of 0.9 m above the gas distributor. The light emitted
from the LED light source (120 W) passed through the slit (2 x 50 mm) and illuminated the center of the
column. The resolution, sample rate, and exposure time of the high speed camera were 1280 pixels X 1024
pixels, 500 frame/s, and 1000 s, respectively. The static bed conditions are shown in Table 1. The sizes of
the MWCNT agglomerates in the freeboard were measured with the superficial gas velocity of 0.088, 0.140,
0.190, and 0.220 m/s at each static bed condition.
The characteristics of the MWCNT agglomerates were investigated using the bed collapse technique. In
addition, the size of the MWCNT agglomerates was estimated using data in the hindered sedimentation stage.
0.07 kg of the MWCNT agglomerates was loaded into the column. The MWCNT agglomerates were then
fluidized by supplying the fluidizing gas as the air. The bed collapse was initiated by instantaneously
disrupting the injection of gas at the fluidization state. After recording the behavior of the bed using the bed
collapsing process, the bed height was measured at 1 s intervals using image analysis.

RESULTS AND DISCUSSION
The pressure drop across the bed and the bed height can be determined by measuring the pressure drop with
an axial height at a certain superficial gas velocity. Based on the experimental results, the fluidization
behavior of the MWCNT agglomerates with a superficial gas velocity was similar to that of the Geldart
group A particles. More specific information on the fluidization of MWCNT agglomerates with a superficial
gas velocity can be found in the (Jeong et al., 2016).
s)

with an axial height can then be calculated by substituting the values in

equation (1).
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Fig. 3. Solid volume fraction of MWCNT agglomerates with axial height at U0 = 0.072, 0.190, and 0.220 m/s.

Fig. 3 shows the solid volume fr
s) with an axial height at the superficial gas velocities of 0.072,
0.190, and 0.220 m/s. Compared with the solid volume fraction of the general particles used in the bubbling
fluidized bed, the solid volume fraction of the MWCNT agglomerates was lower than 0.05; this is because
the MWCNT agglomerates have a multi-agglomerate structure that has considerable voidage. For the
superficial gas velocity of 0.072 m/s, the constant level of solid volume fraction was maintained up to a
height of about 1 m. The height of the MWCNT agglomerates was barely greater than 1m. The bed height
was determined by measuring the pressure drop according to the axial height and was 0.968 m. This is a
typical profile of a solid volume fraction for particulate fluidization. Compared with the case where the
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superficial gas velocity was 0.072 m/s, the solid volume fraction in the bed was high and the bed height was
low at the superficial gas velocities of 0.190 and 0.220 m/s. For this superficial gas velocity corresponding to
the bubbling fluidization regime, the solid volume fraction in the freeboard increased due to the eruption of
the MWCNT agglomerates.
The sizes of the MWCNT agglomerates in the freeboard were measured using a high speed camera.

(e)

Fig. 4. (a-d) Photograph of MWCNT agglomerates (bright spots) in freeboard measured using high-speed camera;
(a) U0 = 0.088 m/s, (b) U0 = 0.140 m/s, (c) U0 = 0.190 m/s, (d) U0 = 0.220 m/s; (e) Cumulative size distribution of
MWCNT agglomerates in the freeboard measured using a camera.

Fig. 4a-d shows a photograph of the MWCNT agglomerates measured using a high speed camera at the
height of 0.9 m from the gas distributor with a superficial gas velocity (0.088, 0.140, 0.190, and 0.220 m/s).
The static bed height was 0.16 m, and the height of the fluidized bed was 0.45 m at the superficial gas
velocity of 0.190 m/s. This means that the MWCNT agglomerates were fluidized in the freeboard. With the
light passing through the slit, bright spots were observed, indicating the MWCNT agglomerates as shown in
Fig. 4. As the superficial gas velocity was increased from 0.088 to 0.220 m/s, the solid hold-up and fraction
of the large MWCNT agglomerates increased in the freeboard. Fig. 4e shows the cumulative size distribution
of MWCNT agglomerates measured using a high speed camera at each superficial gas velocity. The initial
static bed height was 0.160 m. The measured frequencies of the MWCNT agglomerates were 111, 312, 304,
and 401 at the superficial gas velocities of 0.088, 0.140, 0.190, and 0.220 m/s, respectively. The fraction of
large agglomerates increased with the increasing superficial gas velocity. This tendency will be discussed
later.

Fig. 5. Bed collapse curve for the MWCNT agglomerates; U f = 0.190 m/s.
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Fig. 5 shows the bed collapse curve of the MWCNT agglomerates. The experimental data fitted well with the
curve calculated by the model. The bed collapsing process involved three stages for the MWCNT
agglomerates. tb and tc, which represent the end of the bubble escape stage and the hindered sedimentation
stage, respectively, were 2.03 and 8.62 s, respectively. As shown in Fig. 5, the time for the solid
consolidation stage was longer than that for the hindered sedimentation stage. Yang et al. (1985) have wrote
that the critical time (tc) was reduced for fine particles having a strong cohesive force, since the remaining
gases between the particles escaped immediately while the agglomerates were rapidly forming. However, the
quantitative criteria for discriminating between the group C and group A particles according to the
characteristic of bed collapse were unclear. Geldart and Wong (1985) have reported that the bed collapsing
process for the Geldart group C particles was similar to the solid consolidation stage for the Geldart group A
particles since no bubbles occurred and the bed was expanded due to cavities. For the Geldart group C
particles, although quantitative analysis was difficult because research on the characteristic of the bed
collapsing process was insufficient, the qualitative features mean that the bed collapsing process of the
MWCNT agglomerates is similar to that of the Geldart group C particles.
Determining the particle size by sedimentation is based on Stokes law, whereby the terminal velocity (Ut) of
a particle in a fluid is proportional to the particle size. The terminal velocity of a particle can be expressed
using Stokes law.
Ut

gd p2

s

h
t

g

18

(2)

The settling velocity and particle size can be calculated by measuring the settling time of any distance. The
determined particle size corresponds to the Stokes diameter, which is considered in spherical particles.
According to Chen and Weinstein (1994), the sedimentation of MWCNT agglomerates can be considered as
reflecting Stokes flow because the density of the MWCNT agglomerates is very low, and the bed collapse
rate is very slow in the hindered sedimentation stage.
Terminal velocity in the Stokes regime is expressed as equation (2). Therefore, particle size (dp) can be
determined from the following equation:
dp

18 h
g

s

f

(3)

t

where h is the bed height with time in the bed collapsing process and refers to the difference between Hf and
H as shown in Fig. 5.
According to Deshpande and Telang (1950) and Jiang et al. (2010), for measuring the weight of the settled
particles with time, the particle size distribution can be determined from the calculated particle size. In this
study, the weight fraction was determined using the variation of the bed height in the bed collapsing process
instead of directly measuring the weight. In the sedimentation, the concentration of particles decreased with
time. This is because, as the size of the particles increased, they piled up on the bottom of the bed more
rapidly. Therefore, the weight fraction of the particles can be expressed as a function of bed height.
xi ,under

i
0

Hf
Hf

H

(4)

where xi,under is the weight fraction of a particle under the size i, corresponding to the size determined in
equation (4).
The results calculated from the collapsing bed, which was initially fluidized at a superficial gas velocity of
0.190 m/s, are shown in Table 2. The median diameter (d50) of the MWCNT agglomerates was
.
Therefore, Ar1/3 was calculated as 3.86. However, Ar1/3 should be lower than 2.6 to meet the criteria of
Stokes law. This means that some deviation exists in the initial assumption.

551

Table 2. Particle size and cumulative mass fraction at different times using sedimentation method.

t [s]
2
3
4
5
6
7

(a)

dp [ m]
201
169
152
140
129
123

xi
42.7
20.5
17.4
13.5
10.5
9.0

(b)

Fig. 6. (a) cumulative size distribution of MWCNT agglomerates obtained by collapse bed method and image analysis,
(b) median diameter (d50) of MWCNT agglomerates determined by the image analysis and collapse bed methods.

Fig. 6a shows the cumulative particle size distribution determined by sedimentation and image analysis. It
was confirmed that the cumulative particle size distributions that were obtained by sedimentation and image
analysis concur, as shown in Fig. 6a. This means that the size determination of the MWCNT agglomerates
by sedimentation is reasonable, although the range of particle size distribution determined by sedimentation
is limited. Fig. 6b shows the median diameters of the MWCNT agglomerates determined using
sedimentation and image analysis with a superficial gas velocity. The median diameters of the MWCNT
agglomerates tend to increase with the increasing superficial gas velocity. And the size of the agglomerates
that erupted onto the freeboard is influenced by the conflicting factors according to the superficial gas
velocity. The first factor is the entrainment of the larger MWCNT agglomerates with the increasing
superficial gas velocity due to the enhancement of drag forces acting on the agglomerate. The second factor
is the reduction of agglomerate size in the freeboard with the increasing superficial gas velocity, due to the
enhancement of external forces such as shear force and collision force. More specific discussion on these
factors can be found in (Iwadate and Horio, 1998, Kiani et al., 2013, Matsuda et al., 20004, Morooka et al.,
1988, and Zhou and Li, 1999). For the bubbling fluidization of the MWCNT agglomerates, the effect of drag
force was more dominant than the effect of size reduction due to external forces because the density was
very low and the superficial gas velocity was low for the bubbling fluidization. While the median diameters
had similar values of superficial gas velocity in the range from 0.088 to 0.190 m/s, irrespective of static bed
height, they clearly increased with the increasing static bed height at a superficial gas velocity of 0.220 m/s.
This is due to the increase of the splash zone located between the dense phase and the lean phase according
to the superficial gas velocity. The splash zone was composed of erupted particles from the bed and falling
particles. As the entrained particle sizes and maximum heights that can be reached were increased by
increasing the superficial gas velocity, the splash zone expanded. Compared with the case in which the
superficial gas velocity was 0.190 m/s, the solid volume fraction ( s) in the bed was lower, although the solid
volume fraction ( s) in the freeboard was higher at the superficial gas velocity of 0.220 m/s as shown in Fig.
3. Since the momentum which caused the MWCNT agglomerates to erupt is large at 0.220 m/s, the solid
volume fraction was precisely increased at the height of 0.9 m with the increasing static bed condition. The
difference between the median diameter of the MWCNT agglomerates determined by sedimentation and
image analysis was reduced with the decreasing superficial gas velocity. This means that the reliability of the
median diameter determined by sedimentation increased, reaching close to the stoke regime. In this study,
the results were reasonable up to the superficial gas velocity of 0.190 m/s.
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CONCLUSIONS
The solid volume fraction of MWCNT agglomerates with an axial height was determined in a fluidized bed
with a diameter of 0.14 m and total height of 2.4 m. The solid volume fraction of the MWCNT agglomerates
was lower than 0.05 due to the low density and high bed expansion ratio. The typical solid volume fraction
profile of particulate fluidization was measured at the superficial gas velocity of 0.072 m/s. Compared with
the case in which the superficial gas velocity was 0.072 m/s, the solid volume fraction in the bed was high
and the bed height was low for the case of superficial gas velocities of 0.190 and 0.220 m/s, corresponding to
the bubbling fluidization regime.
The bed collapsing process of the MWCNT agglomerates was closer to group C particles than to group A
particles. The agglomerate sizes were estimated using the data in the hindered sedimentation stage. The
median diameters of the MWCNT agglomerates were determined by sedimentation at the initial superficial
gas velocities of 0.120 and 0.190 m/s and were 157 and 221 m, respectively.
The sizes of the MWCNT agglomerates in the fluidization state were measured using image analysis with a
high speed camera. The median diameter (d50) of the MWCNT agglomerates in the freeboard increased from
138 to 189 m as the superficial gas velocity increased from 0.088 to 0.190 m/s, respectively, at a static bed
height of 0.16 m. While no effect was observed of the static bed height on the sizes of the MWCNT
agglomerates measured at a height of 0.9 m from the gas distributor to the superficial gas velocity of 0.190
m/s, the sizes of the MWCNT agglomerates increased with the increasing height of the initial static bed at
the superficial gas velocity of 0.220 m/s.
The median diameter and size distribution determined from the sedimentation are similar to those measured
using the image analysis. The difference between the median diameters of the MWCNT agglomerates
determined using sedimentation and those using image analysis increased with the increasing superficial gas
velocity. In this study, the results were reasonable up to a superficial gas velocity of 0.190 m/s.
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NOTATION
d50
dt
dp
g
H
H0
Hc
He
Hf
Ht
t

median diameter, m
diameter of reactor, m
particle diameter, m
acceleration of gravity, m/s2
height of fluidized bed at the ambient
condition, m
static height of initial bed at the ambient
condition, m
bed height at critical point, m
bed height corresponding to dense phase in
the bubbling fluidized bed, m
initial bed height for bed collapsing process,
m
height of reactor, m
run time for bed collapsing process, s

tc
tb
U0
Ut
W0
xi
pb
e
g
s

b
g
s

time at critical point, s
time when all bubbles have escaped, s
superficial gas velocity, m/s
terminal velocity, m/s
initial bed weight, kg
mass fraction of solid of size i, pressure drop across the bed, Pa
voidage for dense phase, gas voidage, solid volume fraction, s
bulk density, kg/m3
gas density, kg/m3
particle density, kg/m3
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