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A typical nanoscale fiber material, carbon nanotubes (CNTs), was fluidized in a
280 mm inner diameter (ID) nano-agglomerate fluidized bed (NAFB). The solids distri-
bution and gas mixing were measured by a self-developed conductance method and the
hydrogen tracer technique. Typical nano-agglomerate fluidization characteristics, such
as high bed expansion ratio and multi-staged agglomerate structure, were observed.
Fluidization experiments over a wide gas velocity range showed that the CNT agglom-
erates have agglomerate-bubbling-fluidization (ABF) characteristics. Particulate fluid-
ization can also be achieved in the range 0.017;0.038 m/s, showing they also have
Geldart-A particle characteristics. A systematic comparison of the transition velocities,
solids distributions, and gas mixing between the fluidizations of CNT agglomerates and
Geldart-A particles was carried out. CNT NAFBs have more non-uniform solids con-
centration profiles near the wall, but more homogenous micro-flow structures than
Geldart-A particles, which leads to good gas mixing. These unique hydrodynamics
behaviors are attributed to the difference in the microstructure between the nano-
agglomerates and ordinary particles. � 2006 American Institute of Chemical Engineers
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Introduction

Nanoparticles in the size range of 1 to 100 nm have a va-
riety of industrial applications due to their unique physical
and chemical properties. The fluidization of nanoparticles
can provide continuous handling, good mixing, and gas-solid
contact, and high mass and heat transfer efficiency, and is an
attractive technology in the fields of drug manufacture,1

nanoparticle modification,2,3 preparation of nanomaterials,4,5

and elutriation of fine and cohesive particles.6 Thus, nanopar-
ticle fluidization is one of the most significant issues in fluid-
ization science and technology.

The Geldart classification of powders7 implies that nanopar-
ticles would be difficult to fluidize due to their strong interpar-
ticle forces. However, some studies have shown that fine par-
ticles with diameters less than 0.5 mm, such as SiO2,

8,9 carbon
fibers,10 and CuO/Al2O3 aerogels,11 can be fluidized in the
form of agglomerates. The fluidization characteristics of a va-
riety of nanoparticles have been summarized.12 Fluidization
can be achieved in a wide range of particle density and size,
but the formation of multi-staged agglomerate structures is
essential.8 Two types of nanoparticle fluidization, termed ag-
glomerate particulate and bubbling fluidization (APF and
ABF),13 have been reported. The fluidization behaviors of
nanoparticles depend on their material, density, size, and sur-
face properties. For instance, particles with strong interparticle
forces, such as heavy metal particles,14 tend to fluidize in the
form of ABF. In APF, a surprisingly smooth and highly po-
rous fluidization can often be achieved, which is extremely
attractive to engineers due to their smoothness and uniformity.
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Thus, many works have focused on improving the fluidization
quality by external force excitations, such as magnetic force,15

sound wave,16 and vibration.17

However, although the understanding of the nature of the
fluidization of nanoparticles has been rapid, experimental
results on the fluidization in regimes other than APF and
ABF are scarce, despite the practical significance of a full re-
gime classification. Furthermore, although information on
solids distribution and gas mixing are obviously significant
for design and scale-up, these detailed hydrodynamic behav-
iors in a nanoparticle fluidized bed are also rarely reported.
CNTs18 are a novel nano-fiber material with excellent physi-
cal and chemical properties. Recently, we achieved the pro-
duction of multi-walled CNTs on a scale of kilograms per
hour in an NAFB.19 It was shown that the CNTs tend to
form agglomerates with multi-staged agglomerate structures
during reaction.20 The mass production of CNTs provides the
opportunity to investigate the hydrodynamics of CNTs and
the fluidization of nanoparticles. In the present work, we
report the fluidization characteristics, such as minimum fluid-
ization velocity, hysteresis, and flow regime transitions, and
hydrodynamic behaviors, such as solids distributions and gas
mixing, of CNTs in a fluidized bed. The results are compared
with those of traditional particles to understand some univer-
sal characteristics of nanoparticles, which will help the pro-
cess engineering and handling of nanoparticles.

Experimental Methods

Materials and experimental setup

The CNT materials were synthesized by propylene decom-
position on an Fe/Mo/Al2O3 catalyst in a fluidized bed. The
details have been reported elsewhere.20 The product contains
only ;4% catalyst ash as characterized by thermalgravimet-
ric analysis (TG, TA2000); thus, it can be taken that it is

mainly CNTs. The as-prepared CNTs are black powders with
a low packing density of 50 kg/m3. The true density of the
CNT agglomerates, ra ¼ 61.1kg/m3, measured by a Micro-
meritics 9310 porosimeter, was a little higher than the pack-
ing density. The sizes of CNT agglomerates range from sev-
eral to 500 microns.20

As shown in Figure 1, a fluidized bed mockup of 280 mm
I.D. and 2 m high was constructed of plexiglas to investigate
the hydrodynamics of the CNT agglomerates. An expanding
segment of 500 mm diameter and a cyclone separator outside
the bed were used to reduce entrainment of the solids. The
CNT powder was fluidized with air at room temperature and
ambient pressure. The fluidization phenomena were observed
in a wide range of gas velocity from minimum fluidization to
0.3 m/s, which covered all the fluidization regimes except for
pneumatic transport. The gas velocities were determined and
controlled by glass rotameters, and the height and pressure
drop of the bed were measured by a ruler and a U-type ma-
nometer. To observe the fluidization of the CNTs directly,
the CNTs were fluidized in a plexiglas two-dimensional bed
300 mm wide and 20 mm thick. A video camera was used to
record the fluidization of the CNTs.

Measurement of solids fractions

The axial profiles of section-averaged solids fractions were
obtained from the pressure drop profiles, which were meas-
ured by U-type micromanometers of the ethyl acetate-water
binary system. The measuring taps were uniformly distrib-
uted along the bed at intervals of 100 mm, as shown in
Figure 1. The pressure drop data were converted to average
solids fractions by:

es ¼
h

DH
ðrH2O � rf Þ
ra � rf

(1)

Figure 1. Experimental system.
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Since the CNTs are black powders and have extremely weak
reflection to the incident light, it was difficult to use the conven-
tional optical density probe method21 to get good signals. In the
present work, an electrical conductance method was developed
to measure the local solids concentration in the CNT NAFB that
is based on their conductance. The apparatus used in our experi-
ments is schematically illustrated in the right part of Figure 1. It
is well known that fluidized conductive particles can transfer
charges by interparticle collision.22,23 Thus, currents can be
immerged between two conductive balls with differential poten-
tials immersed in the fluidized conductive particles.24,25 For
spherical probing balls, monodispersed particles, and elastic col-
lision, the dependence of the induced current on solids concen-
tration has been derived as:25

ib ¼ Aðdp þ dbÞ2ðVp0 � Vb0ÞnUð8=5Þ
p (2)

where A is a constant related to the system. Thus, the observed
conductance can be considered a function of the solids concen-
tration, particle velocity and diameter, and experimental
dimensions that can be practically measured with a probe as
shown in Figure 1, namely:

G ¼ f ðes;Up; dp;DV; LÞ (3)

Figure 2 shows the variations of the radial distributions of the
measured conductance with the superficial gas velocity and
height. It indicates that the local conductance is strongly influ-
enced by the local solids fraction. The particle velocity term is
hard to determine in a dense fluidized bed, but it is related to
the gas velocity and particle concentration. As an approxima-
tion, when the gas velocity is not high, we can neglect its con-
tribution to G. An attempt to include a gas velocity term in the
correlation, namely, G ¼ BUg

a1 (es � es0)
a2, was made, but no

significant improvement in accuracy was obtained. Although
the agglomerate sizes often decreased with increasing bed
heights,26 Figure 2b indicates that the variation is not much. In
addition, CNTs are highly conductive and can be used as an
anti-electrostatic material,27 which allows a reasonable
assumption of excluding the effect of electrostatic charges.
Thus, with fixed DV and L, we can use a power function to
describe the relationship between the observed conductance
and solids fraction:

G ¼ Bðes � es0Þa (4)

A transformation of Eq. 4 gives the following equation:

es ¼ CGb þ es0 (5)

By measuring the section-averaged solids fractions, the con-
stants in Eq. 5 were obtained by regression as: C ¼ 8.01, b ¼
0.664, and es0 ¼ 0.0580.

By sampling the current ib at a frequency of 16.7 Hz for 2
min, the time-averaged conductance can be obtained. Using
the above correlation, the maximum error was 15% and the
average error was less than 5% for the conditions we investi-
gated. Using the above validated correlation, one can convert
a measured time-dependent conductance sequence into a se-
ries of transient solids fraction signals,28 and analyze the
micro-structure of the gas-CNT flows.

Measurement of axial and radial gas
dispersion coefficients

A steady-state hydrogen tracer technique29 was used to
obtain the axial and radial gas dispersion coefficients in the
CNT NAFB. The experimental technique is also illustrated in
Figure 1. The tracer was continuously injected into the center
of the bed, 0.3 m above the gas distributor, at a flow rate
approximately equal to 1/1000 of the fluidizing gas flow rate,
and collected by a gas collector 100 mm downstream of the
injection, as shown in Figure 1. The tracer concentrations
were detected by a TCD detector immediately. A two-dimen-
sional dispersion model (see ref. 30 for model details) gives:

q2G

qx2
þ 1

s
q
qs

s
qG
qs

� �
¼ 2j

qG
qx

(6)

with boundary conditions:

s ¼ 0
qG
qs

¼ 0

s ¼ 1
qG
qs

¼ 0;

s ¼ �1 G ¼ 0

8>>><
>>>:

where r ¼ r
R, x ¼ Dr

ð1=2ÞZ
Da

ð1=2ÞR, j ¼ UgR

2D
ð1=2Þ
a D

ð1=2Þ
r

, and G ¼ C
C0
. Its ana-

lytical solution31 is:

G ¼ j
X1
n¼0

J0ðsKnÞ exp �x � �jþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ K2

n

p� �� �
J20ðKnÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ K2

n

p x � 0

(7)

G ¼ j
X1
n¼0

J0ðsKnÞ exp x � jþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ K2

n

p� �� �
J20ðKnÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ K2

n

p x � 0

(8)

where Jn is the nth order Bessel function, and Kn the nth posi-
tive solution of the equation J1(Kn) ¼ 0. By measuring the con-
centration profiles, the axial and radial dispersion coefficients
can be extracted. Figure 3 shows the agreement between the
prediction of the steady state hydrogen concentration distribu-
tions with experimental data at different gas velocities.

Figure 2. Distributions of conductance depending on
(a) Ug and (b) H.
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Results and Discussion

Fluidization characteristics of a CNT agglomerate
fluidized bed

A bed expansion experiment was carried out in a CNT flu-
idized bed with 345 mm static bed height. The bed expan-
sion was repeatedly measured several times using a suffi-
ciently long equilibrium time (;10min for each experimental
point) to get reliable results. Figure 4 shows the expansion
behavior of the CNT fluidized bed and typical images in the
various regimes. As the gas velocity increased, gas channel-
ing first appeared in the bed and the upper interface of the
bed fluctuated violently (see Figure 4a), along with a fluctua-
tion of the pressure drops. When Ug was larger than 0.06 m/s,
the materials were apparently fluidized (see Figure 4b). How-
ever, the rapid increase in the pressure drop indicated that
CNTs were not fully suspended and did not form stable
agglomerates in this regime. From 0.06 m/s to 0.1 m/s, the
bed height increased rapidly and expanded two-fold. When
Ug was above 0.1 m/s, the bed expansion slowed down and
the pressure drop remained stable, indicating the formation
of fully suspended agglomerates. Bubble break-up dominated
the fluidization, no obvious bubbles could be observed, and
the interface of the bed was blurred due to the ejection of
particles into the free space (see Figure 4c). When Ug was
higher than 0.2 m/s, the bed expanded to 3.5 times its initial
height, and serious entrainment occurred as the bed was
operated in fast fluidization. Different height/pressure drop-
velocity dependences were recorded with decreasing gas ve-
locity from 0.2 m/s to defluidization. A stable ABF can be
maintained to 0.038 m/s in the defluidization branch, with
slightly changed pressure drops. Below 0.038 m/s, there was
smooth particulate fluidization (see Figure 4d). This particu-

late fluidization can be maintained in the range of 0.017–
0.038 m/s, and the bed height decreased with deceasing gas
velocity. When the gas velocity was lower than 0.017 m/s,
channeling appeared again and the bed defluidized (see Fig-
ure 4e). Taking into account the fact that the CNTs were flu-
idized with bubbles under most of the conditions, we can
consider CNTs as ABF particles, although particulate fluid-
ization also exists.

Generally, the fluidization hysteresis can be attributed to
the contact stresses and wall friction and is dependent on the
scale of the bed.32 In the present work, the role of wall fric-
tion can be neglected due to the large diameter of the experi-
mental set-up, and the contact stress dominates the initial flu-
idization. For nanoparticle fluidizations, a strong hysteresis
phenomenon has been found with different materials, such as
goethite,12 talcum powder,12 and SiO2.

13 The reason is that
different energies are required for the initial fluidization of
the beds and suspending the fluidizing agglomerates. The
inter-particle forces between the fluidized agglomerates are
weaker than that of contacting nanoparticles in packed beds.
The huge area enclosed in the fluidization and defluidization
branches indicates the significant reduction of the inter-particle
forces between the agglomerates after the formation of the
CNT agglomerates, which is due to their complex surface
structure and entangled chain-like network, and demonstrates
that the macroscopic flow behaviors can be closely related to
the microstructure in nanoparticle systems. Due to the serious
hysteresis in CNT agglomerate fluidization, the reproducibil-
ity is poor and the particulate fluidization regime cannot be
observed in the fluidization branch. Thus, only data from the
defluidization branch is used to determine the fluidization pa-
rameters in the following text.

As described earlier, although CNT agglomerates were
mainly fluidized with bubbles, they also exhibited character-
istics of Geldart-A particles and can be particulately fluid-
ized. It was observed that the minimum fluidization and bub-
bling velocities were about 0.017 m/s and 0.038 m/s. Since
particulate fluidization existed in the CNT fluidized bed, the
Richardson-Zaki equation can be used to obtain the terminal
velocity and agglomerate size, based on which the minimum
fluidization velocity can be calculated.8 The mass balance of
powder in bed gives:

e ¼ 1� H0

H
� rb
ra

: (9)

As shown in Figure 5, the particulate fluidization of the
CNT agglomerates agrees well with the R-Z equation, by
which the terminal velocity of the CNT agglomerates was
determined as 0.205 m/s. Zhu et al9 have verified that the
highly porous nano-agglomerates can be treated as solid par-
ticles for the hydrodynamics analysis. For Ret >2, the ag-
glomerate size can be calculated from the Allen equation:

Figure 3. Profiles of tracer concentrations.

da ¼ 1:23
Ut

0:875rf
0:25mf

0:375

ðra � rf Þ0:625
; (10)

where air properties at 101.33 kPa and 208C are used:

rf ¼ 1:205 kg m�3 and mf ¼ 1:81� 10�5 Pa � s:

AIChE Journal December 2006 Vol. 52, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4113



Thus, the agglomerate size da ¼ 416mm can be calculated.
With these agglomerate properties, the minimum fluidization,
transition,33 and serious entrainment velocity34 can be esti-
mated and compared with Geldart-A particles. These are
listed in Table1.

Serious entrainment takes place at Ug > 0.2, which agrees
well with the calculated terminal velocity. This allows us to

draw the conclusion that fast fluidization occurs when Ug >
0.2 m/s. However, errors will arise in the values of the other
parameters from the assumption that a nano-agglomerate is a
Geldart-A single particle. The calculated minimum fluidization
velocity is slightly higher than the observed velocity, while the
calculated Uc and Use are much higher than the observed val-
ues. The too-high estimate of Uc and Use indicates that the

Figure 4. Dependences of bed expansion and pressure drop on gas velocity of a CNT NAFB (f).

The fluidization in the various regimes was recorded with a 2-D bed and illustrated for (a) channeling, (b) ABF, (c) turbulent, (d) particu-
late, and (e) defluidization.
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weak interaction among the CNT agglomerates and the highly
porous structure increased the overall voidage and reduced the
drag coefficient for the agglomerates, which reduced Uc and
Use and made Use approach Ut. The above comparison con-
firms and emphasizes the uniqueness of the fluidization of
nanoparticles, and more detailed case studies are essential for
the accumulation of knowledge on their fluidization.

Solids distributions in a CNT agglomerate fluidized bed

Axial Profiles of Section-Averaged Solids Fractions. The
axial profiles of section-averaged solids fractions of particu-

late fluidization, ABF, and turbulent regimes were measured
and plotted in Figure 6. In the particulate fluidization regime,
the solids were distributed uniformly along the bed height. In
the ABF regime, the voidage increased and an ejection space
appeared on the fluidizing bed. When operating in the turbu-
lent regime, a typical S type solids distribution was observed.
Generally, the axial distribution characteristics of the CNT
agglomerates are similar to conventional particle fluidization.

Equation 5 means that a critical solids fraction exists
below which the gas-CNT flow is too dilute to construct a
conductive network, where G cannot be measured. Equation
5 is in the form of a percolation law with a percolation
threshold of 0.0580 and a percolation index of 1.51. Since
the threshold distinguishes the dense and dilute phases, it can
be used as a criterion for the ejection space in a turbulent
fluidized bed. As shown in Figure 6, this criterion (es0 ¼
0.0580) agrees well with experimental data, validating the
conductance method used in the present work.

Radial Solids Fraction Distributions in the Particulate
Fluidization Regime. The radial solids fraction profiles in
particulate and aggregative fluidization were investigated. Fig-
ure 7 shows the radial distributions of solids fractions in a
CNT NAFB and their variation with Ug in the particulate flu-
idization regime. The solids were uniform when Ug was rela-
tively high. However, the distribution gradually became non-
uniform near the wall with decreasing Ug and increasing
solids fractions. Near Umf, the much higher solids concentra-
tion near the wall led to a typical ‘‘core-annulus’’ flow struc-
ture. The changes in the solids distribution are also helpful for
an understanding of the defluidization of CNTs. As the CNT
NAFB defluidized, the solids near the wall first aggregate due
to the wall friction. During the collapsing of the CNT particu-
late fluidization, the collapsed bed volume is mainly redistrib-
uted into the annulus area, leading to the increase of the solids
concentration near the wall. If the annulus is dense enough,
the bed will be unstable and fully defluidized. This insight
into the flow structure of particulate fluidization reveals the
non-uniformity contained in the apparent uniform expansion.

Radial Solids Fraction Distribution in the Aggregative Flu-
idization Regimes. In the aggregative fluidization regimes

Table 1. Fluidization Parameters of the CNT Agglomerates

da (mm) ra (kg/m
3) Umf (m/s) Umb (m/s) Uc (m/s) Ut (m/s) Use (m/s)

Observed 416a 61.1 0.017 0.038 ;0.1 0.205 >0.2
Calculated – – 0.020b – 0.330c – 0.69d

aby

da ¼ 1:23
U0:875

t r0:25f m0:375f

ðra � rf Þ0:625
bby

Umf ¼ ðfsdpÞ2
150

ðrp � rf Þg
mf

e3mf

1� emf

 !
cby Cai’s criterion33

Ucffiffiffiffiffiffiffiffi
gdp

p ¼ mf 0
mf

 !0:2

K
rf 0
rf

 !
rp � rf

rf

 !
D

dp

� �" #0:27

K ¼ 0:211

D0:27
þ 2:42� 10�3

D1:27

� �ð1=0:27Þ

dby
Rese ¼ 1.53 Ar0.50 (see ref. 34)

Figure 5. Logarithmic plot of the bed voidage vs. the
superficial gas velocity.
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(bubbling and turbulent regimes), the radial solids fraction was
almost constant at the center of the bed, but increased when
the relative radii were larger than 0.8. The maximum was
reached at the wall. As shown in Figure 8, the solids profiles
vary with both Ug and H, but the stronger influence of Ug on
the solids concentration makes the profiles vary more with Ug.
Wang35 has proposed that the solids profile in a FCC fluidized
bed can be normalized and expressed by:

es
es
¼ Eþ F

r

R

� 	w
: (11)

The above equation can also be adopted for CNT agglomerate
fluidization by taking into account the strong dependence of
solids fractions on the section-averaged solids concentrations.
The normalization requires:

Z t

0

2 � r

R

� 	
� es
es
� d r

R

� 	
¼ 1: (12)

Equations 11 and 12 give:

F ¼ wþ 2

2
ð1� EÞ: (13)

So, Eq. 11 can be transformed to:

es
es
� wþ 2

2

r

R

� 	w
¼ E 1� wþ 2

2

r

R

� 	w
 �
: (14)

By a linear fit to the

es
es
� wþ 2

2

r

R

� 	w
 �
� 1� wþ 2

2

r

R

� 	w
 �

plot, E and F were determined. Table 2 shows the parameters
obtained by assuming different w. An acceptable precision was

Figure 6. Axial profiles of the solids fractions in a CNT
NAFB.

Figure 7. Radial solids fraction profiles in particulate
fluidization of a CNT NAFB.

Figure 8. Variations of solids fractions with (a) the
superficial gas velocity and (b) bed height.

Table 2. Comparison of Models Used to Calculate the Local
Solids Fraction

E F R

g ¼ 6 0.849 0.604 0.996
g ¼ 7 0.860 0.630 0.997
g ¼ 8 0.870 0.652 0.997
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Figure 9. The transient density signals in (a) particulate fluidization (Ug = 0.028 m/s), (b) ABF (Ug = 0.057 m/s), and
(c) turbulent fluidization (Ug = 0.18 m/s).
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obtained at w ¼ 7, and the local solids fraction in the aggrega-
tive fluidization can be calculated by:

es
es
¼ 0:860þ 0:630 � r

R

� 	7
: (15)

In the fitting procedure, the distribution for Ug ¼ 0.24 m/s
was also included, although the gas velocity was higher than
the significant entrainment velocity. This velocity is very
close to the significant entrainment velocity 0.2 m/s, which
gave a higher solids fractions than that reported for Group A
particles in fast fluidization (commonly less than 0.2 but
operated under the much higher velocity than the significant

entrainment velocity) and allowed a self-consistent fitting.
Compared to Geldart-A particles, the solids radial distribu-
tion in a CNT NAFB is similar but more non-uniform near
the wall (w ¼ 4 for FCC35). This is probably caused by the
stronger interactions among the nano-agglomerates due to
wall friction and low gas shear force than is the case with
conventional fine particles, which result in the aggregation of
nano-agglomerates near the wall.

Transient Density Signal Analysis and Two-Phase Micro-
Structure Flow in Gas-CNT Fluidization. Figure 9 shows
typical transient densities in particulate fluidization, ABF,
and turbulent fluidization. In particulate fluidization, the char-
acteristics of the transient density were strongly dependent

Figure 10. PDDs of transient densities in a CNT NAFB.
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on the radius. The fluctuation frequency of density signals
was much higher at the center than near the wall. At r/R ¼
1, the wave crests and troughs, representing dense and dilute
phases, respectively, were at intervals of several seconds,
that is, there was the characteristic of creeping flow in this
regime. The slow solid renewal near the wall clearly indi-
cated much aggregation of nano-agglomerates, in agreement
with the conclusion drawn from the analysis of time-aver-
aged solids concentrations. It should be noted that the partic-
ulate fluidization may have nonuniform solids profiles and
micro flow structures, despite its apparent uniformity.

In aggregative (bubbling and turbulent) fluidization, ran-
dom fluctuating signals can be seen in the transient density
time series. However, the signals are mainly at the values of
about 0.6 and 0.4 near the wall, indicating that a two-phase
flow structure existed at these locations. Generally, the two
phases refer to the bubbles and emulsion phase in ABF, and
voidage and clusters in turbulent and fast fluidizations.28,36

In the following text, we do not distinguish these but denote
them as dilute and dense phases. In order to extract the char-
acteristics of the micro-structure in a CNT NAFB, a statisti-
cal analysis on the transient density signals was carried out.
Figure 10 shows a typical probability density distributions
(PDD) of the transient density signals at different Ug and
radii. In aggregative fluidization, clear bimodal PDDs were
obtained, which is like that of traditional particles.28 As
shown in Figure 10, the flow was dominated by the dilute
phase at the center of bed, whereas the dense phase domi-
nates the flow at r/R > 0.7, indicating the tendency towards
aggregation of nano-agglomerates near the wall.

As shown in Figure 10, the PDDs in the present work can
be well described by a combined probability distribution of

two normal probability density functions as:

pðesÞ ¼ 1� fffiffiffiffiffiffi
2p

p
s1

eððes�es1Þ2Þ=ð2s21Þ þ fffiffiffiffiffiffi
2p

p
s2

eððes�es2Þ2Þ=ð2s22Þ (16)

By nonlinear fitting to the experimental data of the tran-
sient density with Eq. 16, the solids fraction of the dense and
dilute phases (es1 and es2), and the dense phase volume frac-
tion f can be obtained. Figure 11 shows the solids fraction
distributions of the dense and dilute phases at different Ug.
es1 and es2 decreased a little with increasing Ug. At a fixed
Ug, the radial distributions of es1 and es2 were quite uniform
except for a slight increase near the wall. The above results
indicate that the micro-structures of the two phases are quite
stable. Even though the two phases appear in both conven-
tional and nanoparticle fluidizations, the micro-structures are
different from each other. With fluid catalytic cracking
(FCC) particles,28 the solids fractions of the dilute phase are
usually lower than 0.1, and the solids fractions of the dense
phase are about 0.7, for values at their minimum fluidization.
However, in the CNT agglomerate fluidization, although the
dense phase also had about 60% solids close to the minimum
fluidization, there were much higher solids fractions of about
0.3 in the dilute phase. Thus, the PDDs of the two phases in
CNT agglomerate fluidization usually partly overlap each
other, especially at high Ug and low average solids fraction.
The above results indicate that a large amount of solids tend
to enter the bubbles or voidages in a CNT fluidized bed.
Thus, even though the radial profiles are more non-uniform
than that of conventional particle fluidization, the non-uni-
formity is compensated by the more homogenous micro-flow
structures in an NAFB, with significant benefits for the trans-

Figure 11. The solids fractions of the dense and dilute phases at (a) Ug = 0.057m/s and (b) 0.18m/s.
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fer and mixing behaviors. It can be speculated that the ho-
mogenous micro-structure is caused by the highly porous
structure of the nano-agglomerate and the high bed expansion
ratio, which reduce the density difference between the gas
and solids. Thus, solids can be easily transported into the
bubbles or voidages, and the bubbles and voidages also tend
to be dispersed in the emulsion phase. This is supported by
observation on a 2-D fluidized bed. Shown in Figure 12 is an
image of fluidized CNT agglomerates operating in the ABF
regime that shows CNTs entering into bubbles, which makes
the bubbles blurred.

Figure 13 shows the volume fractions of the dense phase
f in the different regimes. In ABF and turbulent fluidization,
the dense phase maintained a constant volume fraction in
the center of bed, but the volume fraction began to increase
at r/R > 0.6 and a maximum was reached at the wall. Strong
radial non-uniformity can be seen in these regimes across the
cross-section of the beds. However, a relatively uniform dis-
tribution of the dense phase volume fractions can be obtained
in the fast fluidization regime because of a more homogenous
micro-structure at high gas velocity.

As shown in Figure 14, the distributions of the phase vol-
ume fractions are similar at specific Ug in ABF and turbulent
fluidization. The only exception is the condition Ug ¼
0.057m/s and H ¼ 0.21 m, where f is abnormally high at
the center. This may have been caused by an experimental
deviation because the micro-flow structure is dominated by
the dense phase, which resulted in an ambiguous peak split-
ting. The two phases are also hard to distinguish when the
dilute phase dominates the flow. Thus, it is only near the
wall that the two phases exist under the operation conditions
of Ug ¼ 0.18 m/s and H ¼ 0.61 m, as shown in Figure 14b.
Nevertheless, the generally consistent distribution of f
implies that a quantitative description by a function of Ug

and r/R is reasonable. Empirically, the following equation
can be used to estimate the phase volume fractions in ABF
and turbulent fluidization:

f ¼ 0:632
Ug

Umf

� ��0:928

þ 0:512
r

R

� 	6:29
(17)

in which the constants should be obtained by nonlinear
regression. The solid lines in Figure 14 show the accuracy of
Eq. 17, with less than 50% relative errors within the condi-
tions in the present work. It should be noted that Eq. 17 has
a form similar to Eq. 15, indicating that the phase volume
fraction plays a quite significant role in determining the sol-
ids fraction distributions. By the above results, it can be con-
cluded that the increase in solids fraction near the wall is
mainly caused by the aggregation of nano-agglomerates.

Figure 12. An image of the bubbles in a 2-D fluidized
bed operating in the ABF regime.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 13. Volume fractions of the dense phase in the
different regimes.

Figure 14. Distributions of the volume fractions of the
dense phase in (a) ABF and (b) turbulent
fluidization.
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Gas mixing in a CNT agglomerate fluidized bed

A preliminary study on the gas mixing behavior in a CNT
NAFB was conducted. Figure 15 compares the axial and ra-
dial gas dispersion coefficients of the CNT agglomerates and
FCC particles.30,37–39 Despite the huge differences between
the properties of the nano-agglomerates and FCC particles,
the CNT NAFB has gas dispersion coefficients on the same
order of a FCC fluidized bed, namely about 101 m2/s for Da

and 102 cm2/s for Dr. Since the CNT NAFB was operated at
far lower gas velocities, the Rep-D plots (Rep ¼ Ugdprf/mf)
were used to evaluate their gas mixing behaviors. For FCC
particles, a maximum dispersion coefficient exists at Rep ¼
2. In contrast, Da of the CNTs has a minimum at Rep ¼ 3.
For Rep < 3, both Da and Dr of the CNTs decreased with
increasing Ug. For Rep >3, Da of the CNTs increased and Dr

leveled off. Compared to the FCC particles, higher dispersion
coefficients were obtained at a low gas velocity. Although
the reason for the sharp decrease in the dispersion coeffi-
cients in the turbulent regime of FCC particles is controver-
sial, a transition from bubbling to turbulent fluidization can
be reflected by the maxima in the dispersion coefficients.30

Analogously, we propose that such an extremum in CNT flu-
idization can also define Uc. Using this criterion, the transi-
tion velocity from bubbling to turbulent fluidization is
roughly determined by Rep ¼ 3, namely, Ug ¼ 0.11 m/s,
which agrees with the observed data.

As shown in Figure 15, a different trend of dispersion
coefficients against Rep from that of Geldart-A particles was
experimentally obtained. It is possible that the difference
results from the network structure of the CNT agglomerates,
which can act to increase the roughness of the agglomerates

and benefit gas mixing at low gas velocities. At high gas
velocities, it has been predicted that a homogenous micro-
structure will enhance gas mixing. The gas becomes almost
continuous and dominates the gas mixing in a CNT NAFB
operating at high Ug, leading to the increase of Da. However,
the relationship between gas mixing and the nature of the flu-
idized nano-agglomerates is not yet fully understood and
more detailed work is needed.

Conclusions

Fluidization characteristics, solids distributions, and gas
mixing behaviors were investigated in a CNT NAFB. A
smooth and highly expanded fluidization was achieved, but a
strong hysteresis exists in the CNT fluidization. On the
defluidization branch, similar to Geldart-A particles, particu-
late fluidization, ABF, turbulent, and fast fluidizations can be
successively observed and distinguished by the following
criteria: particulate fluidization, 0.017;0.038 m/s; ABF,
0.038;0.1 m/s; turbulent fluidization, 0.1;0.2 m/s; and fast
fluidization, >0.2 m/s. However, Uc and Use of the CNTs are
relatively lower than that of Geldart-A particles, due to the
weak interaction among the CNT agglomerates and their
highly porous structure.

The particulate fluidization was not always uniform, and
this depends on the gas velocity. In aggregative fluidization,
the distribution of the time-averaged solids fractions also
showed a stronger radial non-uniformity than Geldart-A par-
ticles. An analysis of the transient density signals indicated
that the non-uniformity in the radial solids distribution is due
to a high level of aggregation among agglomerates near the
wall, with increasing volume fraction of the dense phase near

Figure 15. Comparison of the gas dispersion coefficients of CNT and FCC fluidized beds.
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the wall. However, on the micro-structure scale, the gas-CNT
flow is more homogeneous than Geldart-A particle fluidiza-
tion, which is good for gas mixing, and led to high gas dis-
persion coefficients of about 101 m2/s for Da and 102 cm2/s
for Dr.
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Notation

D = diameter of fluidized bed, m
Da = axial gas dispersion coefficient, m2/s
da = agglomerate diameter, m
db = ball probe diameter, m
dp = particle diameter, m
Dr = radial gas dispersion coefficient, cm2/s
G = conductance, S/cm
h = data of manometer, mmH2O
H = height of fluidized bed, mm
H0 = initial height of fluidized bed, mm
ib = induced ball current, A
L = distance between conductance probes, mm
n = number density of particles, m�3

Rep = particle Reynolds number
Uc = transition velocity, m/s
Ug = superficial gas velocity, m/s
Umb = minimum bubbling velocity, m/s
Umf = minimum fluidization velocity, m/s
Up = particle velocity, m/s
Use = serious entrainment velocity, m/s
Ut = terminate velocity, m/s
Vb = potential of ball probe, V
Vp = potential of particle, V

Greek letters

e = voidage
emf = solids fraction at minimum fluidization
es = solids fraction
es0 = critical solids fraction
es1, es2 = solids fractions of dilute and dense phases
mf = viscosity of fluid, Pa�s
ra = agglomerate density, kg/m3

rb = packing density, kg/m3

rf = fluid density, kg/m3

f = dense phase fraction
fs = sphericity
DH = interval between neighboring measuring taps, mm
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