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Using statistic parameters of solids holdup signals, a moment consistency data processing method (MCDPM) was proposed.
Experiments were carried out using FCC particles of 76 �m under different operating conditions, and MCDPM was used to
successfully obtain solids holdups of the dense and dilute phases and the phase fractions over five fluidization regimes,
bubbling (BFB), turbulent (TFB), circulating turbulent (CTFB), high-density circulating (HDCFB), and circulating (CFB)
fluidized bed systems. In BFB, TFB, and CTFB regimes, only dense phase fraction decreased with increasing air velocity,
while the transition from HDCFB to CFB experienced appreciable change in the solids holdup of the dense phase. From the
low-velocity to the high-velocity regimes, both the solids holdup and the fraction of the dense phase experienced a drastic
decrease, suggesting that this transition corresponded to a profound change in flow structure and further suggesting that
CTFB is in reality still a TFB. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1479–1490, 2013
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Introduction

Many industrial processes have been utilizing gas–solid
fluidized bed reactors that may operate in the following flow
regimes: particulate fluidization, bubbling fluidization, turbu-
lent fluidization, fast fluidization, and pneumatic transport.1,2

(It should be noted that the term turbulent as used here
refers to a fluidization regime as originally proposed by
Kehoe and Davidson3 and widely accepted by the fluidiza-
tion community, not to the multiphase flow behavior in
terms of fluid mechanics. As a matter of fact, the flow in all
fluidized beds is turbulent in term of fluid mechanics.)
Among the industrial applications of these fluidized beds,
most key commercial gas–solid fluidized bed reactors oper-
ate in the flow regimes of turbulent fluidization (turbulent
fluidized bed, TFB) and fast fluidization (circulating fluid-
ized bed, CFB) due to their favorable gas–solid contacting,
mixing, and transfer characteristics. They include not only
catalytic cracking, partial oxidation reactions, chlorination,
and so forth but also some important noncatalytic processes,
such as roasting of various ores and drying.1,4 Among these
fluidized bed reactors, typical fluid catalytic cracking (FCC)
units are operated under high-density circulating fluidization
(high-density circulating fluidized bed, HDCFB) conditions,
at high gas velocities from 6 to 28 m/s and high solids circu-
lation rates from 400 to 1200 kg/(m2s) with high solids hold-
ups of typically 10–20%.5 Fischer–Tropsch synthesis and
acrylonitrile production routinely operate in the turbulent re-
gime of fluidization, for which heat and mass transfer tend
to reach a maximum.6 For these operations, fluidized beds

are able to operate with small catalyst particles and hence
high effectiveness factors, favorable bed-to-immersed-surface
heat transfer coefficients in CFB and TFB reactors. They are
also capable of withdrawing and adding particulate solids
continuously and operating on a very large scale.7

Gas–solid fluidized beds are commonly classified as low-
velocity and high-velocity fluidized beds.5,6 Furthermore,
low-velocity beds are further classified into fluidization
regimes of bubbling fluidized bed (BFB), TFB, and circulat-
ing turbulent fluidized bed (CTFB),1,8 whereas the high-
velocity beds are studied in HDCFB and CFB regimes.5 Due
to different air velocities and different levels of interaction
between gas and solid phases,9,10 fluidized beds have been
characterized by their heterogeneous two-phase flow struc-
tures. Typically, BFB has dense phase flow structure with
dispersed bubbles, whereas HDCFB and CFB have dilute
flow structure with dispersed clusters. TFB and CTFB, which
may be regarded as transition fluidization regimes between
BFB and CFB,10,11 have competing flow structures between
dilute and dense phases. On the other hand, the heterogene-
ous flow structures are investigated macroscopically and
microscopically to understand gas–solid fluidized bed reac-
tors. The macroscopic flow structure usually refers to radial
and axial distribution of solids holdup and particle velocity
throughout the beds,7,12 whereas the microscopic flow struc-
ture refers to the localized behavior of the dense and dilute
phases.9,13

The heterogeneous flow structures in fluidized beds are
attributed to many physical factors of the flow systems, such
as gas flow behavior, particle property, density difference
between gas and solids, various interactive forces between
gas and solids, bed geometry and gas distribution, and so
forth. Theoretically, these effects on the flow structure
should be identified individually and/or modeled by CFD
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and other methods, but such efforts have led to very limited
success due to the complicated relationships to be under-
stood.14 Therefore, other methods have been proposed to
mathematically characterize the flow structures inside the
various fluidized beds, such as the time series analysis
through chaos method15,16 and moment method.17 The
moment analysis method uses some or all of the four
moments of the local solids holdup signals. The first moment
(mean value) corresponds to the local time average solids
holdup, and the second moment (standard deviation) relates
to the fluctuations of the solids holdup around the mean
value,12,13,18 reflecting the heterogeneity of a gas–solid flow.
The third moment (skewness) is a measure of the lack of
symmetry in the probability density function (PDF) of the
solids holdup around the mean. The fourth moment (kurto-
sis) is a measure of the peakedness or flatness of PDF of the
solids holdup compared to a normal distribution.13,17,19,20

Despite their importance, skewness and kurtosis have not
been very often used in analyzing the hydrodynamics of flu-
idization systems. Using the skewness of local solids signals,

Manyele et al.21 analyzed the hydrodynamics of a downer re-
actor and concluded that skewness provides more information
that could not be identified directly from the PDFs. Using all
four moments, Bi and Su11 proposed a two-phase structural
model to predict the average solids holdups and phase vol-
ume fractions of dense and dilute phases in some gas–solids
fluidization and transport systems. Breault et al.22 and Taylor
et al.17 investigated the hydrodynamics of upflow in a riser
using direct wavelet transformation, skewness, and kurtosis.

The objective of this study is to apply a new moment
analysis method, the moment consistency data processing
method (MCDPM), to study the detailed flow structure on
various flow regimes, and to identify distinct changes along
with change of operating conditions and regime transition in
gas–solid fluidization systems. Additionally, this method is
used to further confirm the existence of a circulating turbu-
lent fluidization regime with regard to its microscopic flow
structure. Such a CTFB reactor was proposed by Zhu and
Zhu,7 integrating conventional CFB and TFB into a distin-
guished dense fluidization system with external solids circu-
lation, to simultaneously achieve efficient gas–solid contact
similar to TFB and low solids back-mixing similar to
HDCFB. Their results demonstrated that the CTFB operation
is achievable, and its flow structure can be attributed to a
new flow regime, the circulating turbulent fluidization re-
gime, independent of turbulent fluidization, fast fluidization,
and dense suspension upflow.2,9 Although our earlier stud-
ies7,9 have utilized the first and second moments to distin-
guish and characterize the various fluidization regimes, more
details of the dynamic flow structure, such as the division of
the dense and dilute phases, may be further revealed through
the additional application of the third and fourth moments.

Experimental Setup

Experiments were carried out in a CTFB and a twin riser
fluidized bed, covering bubbling fluidization (BFB), turbulent
fluidization (TFB), circulating turbulent fluidization (CTFB),
fast fluidization (CFB), and high-density circulating fluidiza-
tion regimes (HDCFB). The schematic diagram of the first
experimental unit is shown in Figure 1, whose detail descrip-
tion can be found in Zhu and Zhu.7 Steady flow of different
fluidization regimes at low air velocities, namely, BFB, TFB,
CTFB regimes, and bottom zone of CFB, were obtained
through controlling the solids circulation rate and adjusting
the air flow. Air velocities and solids circulation rates are
listed in Table 1, corresponding to bubbling, circulating tur-
bulent, and fast fluidization regimes at low air velocities.

Experimental data on solids concentration inside the vari-
ous fluidized beds were acquired using fiber optical reflective
probes of model PV-6, developed and manufactured by the
Institute of Process Engineering, Chinese Academy of Scien-
ces, Beijing, China.23 The probe was set up at four axial

Figure 1. (a) Experimental apparatus setup. (b) Optical
fiber probe setup.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Operating Conditions of Experiments

Regime BFB* TFB* CTFB HDCFB** CFB**

D (mm) 102 102 102 76 203
Height (m) 3.6 3.6 3.6 10 10
dp (lm) 76 76 76 67 67
qp (kg/m3) 1780 1780 1780 1500 1500
ug (m/s) 0.53–0.74 1.6 0.74–3.0 5.5–10 5.5–8.0
Gs [kg/(m2s)] 0 0 150–420 300–550 50–100

*Dynamic bed height of 3.6 m.
**Data from Yan and Zhu.12
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elevations and traversed horizontally to measure local solids
holdups at 11 radial positions (Figure 1b). The four axial
locations were chosen in an effort to characterize the accel-
eration zone (0.8 m) and the fully developed zone (1.5, 2.2,
and 3.0 m). Radial positions were chosen as the midpoints
of 11 equal area circles (r/R ¼ 0.0, 0.16, 0.38, 0.5, 0.59,
0.67, 0.74, 0.81, 0.87, 0.92, and 0.98) at each axial level
within the risers. To ensure the consistency of the data at
one specific operating condition, the data at all locations
were collected within one run by the probe. The sampling
rate was 50 kHz, and data were collected for 131 s for each
measurement.

The second unit was a twin riser CFB, with two risers of
76 and 203 mm in diameter, sharing a 300-mm diameter
common downcomer,12 where experiments on CFB and
HDCFB at high air velocities (over 5.0 m/s) were carried
out. For all experiments, different solids circulation rates
were maintained though adjusting the total solids inventory
in the downcomer and the solids control valve. For CFB re-
gime, the system operated at air velocities of 5.5 and 8.0 m/
s and at the solids circulation rates of 50, 70, and 100 kg/
(m2s), whereas for HDCFB regime, it operated at air veloc-
ities of 5.0, 8.0, and 10 m/s and at solids circulation rates of
300, 400, and 550 kg/(m2s). The solids holdup distributions
were acquired with optical fiber probes at 11 equal area
circles (r/R ¼ 0.0, 0.16, 0.38, 0.5, 0.59, 0.67, 0.74, 0.81,
0.87, 0.92, and 0.98) at eight axial levels within the risers.
Two samples were taken at each location, and the total sam-
pling time was 60 s.

The particles used in these units were FCC catalyst with a
Sauter mean diameter of 60–76 lm and a particle density of
1500–1780 kg/m3. The relative humidity was kept between
70 and 80% by the addition of steam, which has been shown
to effectively minimize the electrostatic effects.24,25

MCDPM

Parameters of moment consistency

The heterogeneous flow structures in a fluidized bed can be
studied macroscopically and microscopically. Using measured
solids holdup signals with the population N represented by
Eq. 1, the overall flow structures may be characterized by
signal moment estimations, such as mean solids holdup es,
standard deviation r, skewness S, and kurtosis K (Eqs. 2–5).

feig; i 2 N (1)

es ¼
1

N

XN
i¼1

ei (2)

r ¼
�

1

N � 1

XN
i¼1

ðei � esÞ2

�1=2

(3)

S ¼

PN
i¼1

ðei � esÞ3

ðN � 1Þr3
(4)

K ¼

PN
i¼1

ðei � esÞ4

ðN � 1Þr4
(5)

For an ideal completely segregated two-phase flow system,
where exist only two values of solids holdups, namely, a high

solids holdup representing that in the dense phase, esd, and a low
solids holdup representing that in the dilute phase, esb, with fd
being the fraction of the dense phase, as represented by Eq. 6.

feid ¼ esd; eib ¼ esbg; id 2 N and ib 2 N (6)

where the number of the elements in dense phase is n (esd) ¼ fd
N, and the number of the elements in dilute phase is n (esb) ¼
(1 � fd)N.

For such an ideal case, Eqs. 2–5 can be simplified to Eqs.
7–10

es ¼ fdesd þ ð1 � fdÞesb (7)

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðesd � esÞ2fd þ ðesb � esÞ2ð1 � fdÞ

q
(8)

S ¼ 1

r3
½ðesd � esÞ3fd þ ðesb � esÞ3ð1 � fdÞ� (9)

K ¼ 1

r4
½ðesd � esÞ4fd þ ðesb � esÞ4ð1 � fdÞ� (10)

A typical data series (Series 1) for Eq. 1 from a CTFB is shown in
Figure 2a, where a two-phase structure is clearly observed. A
new series (Series 6, as represented by Eq. 6) may be generated as
shown in Figure 2b to follow the trend of Series 1 as represented
by Eq. 1. Comparing the two series shown in Figure 2, by
adjusting the values esd and esb and their respective fractions fd
and fb (¼ 1� fd) in Series 6, it is possible to have at least three or
four moments as calculated by Eqs. 7–10 to be equal to those
obtained through Series 1 based on an experimental measure-
ment. Therefore, the two series are considered to have the same
sets of moments. Under such circumstances, it is hereby
postulated that if the above two series (1 and 6) have the same
sets of moments, the average values of the two phases and their
respective fractions must be the same between the two series. In
other words, esd, esb, and fd (fb¼1� fd) from Series 6 can be taken
as (or at least be used to estimate) esd, esb, and fd from Series 1 and
then be used to analyze time series 1. Such an approach is
proposed here as a MCDPM.

For analysis, the four moments will first be calculated from
the experimental series Eq. 1. Then, the four moment values
will be applied in Eqs. 7–10 to back calculate the three key pa-
rameters esd, esb, and fd. However, as there are three unknowns
and four equations, it is necessary to make a proper combina-
tion of three equations out of the four equations (Eqs. 7–10) to
produce the most pertinent results. As the two most important
characteristics of the two-phase flow, the mean and standard
deviation should remain consistent between the two series and,
therefore, always be included in the calculation. The next
moment equation to be included can be chosen from the
skewness and the kurtosis, each referring to equal important
properties of a series, depending on what parameters are being
examined. Thus, there are two combinations or two methods,
Eqs. 7–9 or Eqs. 7, 8, and 10, to process the data into the
parameters of the dense and dilute phases. As a first approach,
the combination of Eqs. 7–9, including skewness, can be
rearranged in the following explicit expressions (Eqs. 11–13),
with detailed derivations given in Qi.10

Method 1.

fd ¼ 1

2
1 � S

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4 þ S2

r !
(11)
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r
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p
� S
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Similarly, a second approach is to include kurtosis, using the
combination of Eqs. 7, 8, and 10, leading to the following
explicit expressions (Eqs. 14–16), with detailed derivation
shown in Qi.10

Method 2.
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To evaluate the proper applicable conditions of these two
methods for the desirable results, the relative errors of the other
moment, not included in the data processing through either M1
or M2, reduced to the same dimension as the experimental data,
can be estimated by Eqs. 17 and 18. When using Method 1
(M1), the relative error on kurtosis between the Series 1 and 6 is

EK ¼
K1=4 � K

1=4
th

��� ���
K1=4

(17)

Similarly, the relative moment error on skewness with Method
2 (M2) is

ES ¼
S1=3 � S

1=3
th

��� ���
S1=3

(18)

where Sth and Kth, the theoretical skewness and kurtosis, are
calculated using Eqs. 9 and 10, respectively, from the known
values of esd, esb, fd, and es, and S and K, the actual skewness
and kurtosis, are obtained from Eqs. 4 and 5, respectively.

For a given solids holdup distribution, relative large
moment errors may occur due to the skewness or kurtosis
not being included, depending on what method is selected.
Figure 3 displays the relative errors of M1 and M2 for solids
holdup distributions at 11 radial positions at four elevations
under 56 experimental conditions of high-density gas–solids
flow. The results demonstrate that M1 predicts the solids
holdups of the dense and dilute phases and the dense phase
volume fraction with small moment errors in kurtosis at
small absolute skewness values, and large kurtosis error hap-
pens at the large absolute skewness values (Figure 3a). On
the other hand, M2 computes the parameters with small
moment errors in skewness at large kurtosis values, and the
error in skewness increases as the value of kurtosis decreases
toward zero. The results demonstrate that the selection for
most pertinent results between M1 and M2 might be made
through evaluating the magnitudes of the skewness or kurto-
sis, corresponding to the minimum moment error defined by
Eqs. 17 and 18.

Plotting all skewness and kurtosis calculated through Eqs.
4 and 5 for all experimental data listed in Table 1 gives rise
to a parabolic strap on the K–S plane, as shown in Figure 4.
Checking the values of the errors in skewness, ES, and kur-
tosis, EK, as computed by Eqs. 17 and 18 and plotted in Fig-
ure 3, corresponding to the S–K values plotted in Figure 4,
the method that results in lesser errors is marked out in Fig-
ure 4. Interestingly, the regimes where M2 is applicable are
clearly separated from that of M1, with M2 in the two tail-
ing straps and M1 in the nose region. With such a clear
mapping, the selection of the methods of MCDPM for a spe-
cific solids holdup distribution is now made easier, as it can
be determined directly using the skewness or kurtosis values
as expressed in Eq. 19.

M1 for jSj\1:5 or K\4:5 (19a)

and

M2 for jSj > 1:5 or K > 4:5 (19b)

Figure 2. Segment of (a) measured solids holdup signals of CTFB vs.; (b) the solids holdup signals from the corre-
sponding ideal two-phase flow.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Dividing dense and dilute phases

Dividing the dense and dilute phases from a solids holdup
time series requires finding a division value, a special solids
holdup, to identify the transition between the two phases.
Using the dense phase fraction, fd, a number n can be
obtained by Eq. 20, from a solids holdup time series with
population N, for example, Series 1 from Eq. 1.

n ¼ fdN (20)

If the time series is sorted in a descending order, the nth solids
holdup value in the sorted series, es (n), will be the division
value. Thus, the subset of the solids holdup numbered up to n
in the sorted series includes all members of the dense phase,
and the rest includes all members of the dilute phase in the
measured time series. As a result, the dense and dilute phases
can be divided from the measured time series using the
determined value es (n).

Considering that time series 1 represents a series of solids
holdup values over time at a given location inside the fluid-
ized bed, the dense phase time fraction in the time series
actually also represents the volume fraction of the dense

phase at that given location. As well, the average dense and
dilute phase holdups in the time series would represent the
solids holdups of the dense and dilute phases at the given
location.

Results and Discussion

As discussed in the ‘‘Introduction’’ section, fluidized beds
experience five major different operating regimes with
increasing gas velocity, the bubbling fluidization, the turbu-
lent fluidization, the circulating turbulent fluidization, the
high-density circulating fluidization, and the low-density cir-
culating fluidization. Studies on those fluidized beds and
their flow characteristics have been extensively reported, as
partially reviewed in the ‘‘Introduction’’ section and more
thoroughly reviewed by several researchers.1,5,6,14,26 Having
said that, more systematic studies to understand the underlin-
ing characteristics over the various flow regimes are still
lacking, mostly because the effective tools that can quantify
such characteristics over the all the various fluidization
regimes are not available. With the new MCDPM moment
analysis method developed here, we can obtain three key
flow parameters, the solids holdup inside the dense phase,
the solids holdup inside the dilute phase, and the dense
phase fraction (dilute phase fraction is, therefore, known as
those two add to unity), over a wide range of operating con-
ditions encompassing all key fluidization flow regimes, and
more importantly at almost unlimited axial and radial loca-
tions in those fluidized beds, from simple time series meas-
urements for local solids holdups. With such ample avail-
ability of data, although still limited to three parameters, key
characteristics of the above-mentioned five regimes can be
readily quantified and compared, to provide more insights to
fluidization.

Flow structure across regimes

Figures 5–7 provide the profiles of the solids holdups of
the dense and dilute phases and the dense phase volume frac-
tion of BFB, TFB, CTFB, HDCFB, and CFB obtained by
MCDPM, whose operating conditions are listed in Table 2.
The profiles demonstrate that different fluidization regimes
have different flow structures. For the dilute phase, BFB,
TFB, and CTFB share similar solids holdup profiles, which
do not change appreciably (around 0.06) in the core region
but increase quickly toward the wall to up to about 0.20. Fur-
ther increasing the air velocity to enter HDCFB and CFB
regimes, the profiles of the dilute phase solids holdups (the

Figure 4. Relationship of skewness and kurtosis for all
solids holdup signals.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Relative moment errors of MCDPM with respect to (a) skewness or (b) kurtosis of local solids holdup
signals.
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solids holdup inside the dilute phase), although still in para-
bolic shape, are seen to have much smaller magnitudes than
those in BFB, TFB, and CTFB, both in the center and at the
wall (Figure 5). However, the profile of the dilute phase sol-
ids holdup for CTFB is seen to have a more gradual increase
toward the wall than all other four regimes and a lower value
at the wall than BFB and TFB. For the dense phase (Figure 6),
BFB, TFB, and CTFB have same uniform profiles of the
dense phase solids holdups (the solids holdup inside the
dense phase) across the bed except that CTFB has a slight
but steady increase from the center toward the wall, corre-
sponding to the values from 0.45 at the center to 0.50 at the
wall. Much different from the uniform radial distribution of
BFB, TFB, and CTFB, the dense phase solids holdup profiles
of HDCFB and CFB are characterized by the typical core-an-
nular structure, with the solids holdups in the core region of
HDCFB and CFB much less than those of BFB, TFB, and
CTFB and increasing quickly in the annular region. Despite

similarities between HDCFB and CFB profiles, significant
differences are observed in the magnitudes of the solids hold-
ups of the dense phase, with HDCFB varying from �0.05 to
�0.5, whereas CFB from �0.03 to �0.20. Further examining
the dilute phase profiles for HDCFB and CFB can also reveal
some differences between the two regimes, although on a
much smaller scale, with HDCFB varying from �0.01 to
�0.15 whereas CFB from �0.01 to �0.10.

Compared to the solids holdup profiles of the dense and
dilute phases, the profiles of the dense phase volume fraction
vary differently across the fluidization regimes, as shown in
Figure 7. BFB regime is dominated by dense phase with
dense phase volume fractions of 0.6 or greater throughout the
bed, whereas HDCFB and CFB regimes are clearly domi-
nated by dilute phase with dense phase volume fractions
mostly lower than 0.2 except near the wall area. Unlike the
phase holdup profiles for both dense and dilute phases, the ra-
dial profiles of the dense phase volume fraction for both TFB

Figure 5. Radial solids holdup profiles of the dilute phase of BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5
2.57 m/s, Gs 5 234 kg/(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100
kg/(m2s)]; data for HDCFB and CFB from Yan and Zhu.12

Figure 6. Solids holdup profiles of dense phase of BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s,
Gs 5 234 kg/(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/(m2s)];
data for HDCFB and CFB from Yan and Zhu.12
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and CTFB are completely different from that of BFB,
increasing steadily from the center to the wall. Additionally,
the volume fraction profiles for TFB and CTFB appear to be
nearly indistinguishable, suggesting that CTFB is clearly a
turbulent fluidization regime although significant external sol-
ids circulation has been introduced. Likewise, the volume
fraction profiles for CFB and HDCFB are also extremely sim-
ilar, both having typical clear core-annulus structure, suggest-
ing a possible common root for those two regimes.

Flow regime transition and similarities

Through a comprehensive examination of all results
shown in Figures 5–7, the mechanism of the regime transi-
tions through the various fluidization regimes can be
revealed. The overall average values of esb, esd, and fd are
plotted against the fluidization regimes in Figure 8, from
low-velocity fluidization regimes (BFB, TFB, and CTFB) to
high-velocity fluidization regimes (HDCFB and CFB). For
the dense phase, its average values stay relatively constant in
the low-velocity regimes but decreases with increasing gas
velocity in the high-velocity regimes. For the dilute phase,
the situation is similar, although somewhat less significant
than the dense phase. On the other hand, the dense phase
fraction, fd, decreases dramatically with increasing velocity,
through bubbling, turbulent (TFB and CTFB), and high-ve-
locity regimes (HDCFB and CFB). From those trends, it can
be postulated that from low velocity up, the regime transi-
tion starts with the increase of the dilute phase fraction,

while the magnitudes of both solids holdups in the dense
and dilute phases remain constant, within the three low-ve-
locity fluidization regimes. In other words, within low-veloc-
ity regimes, the values of the solids holdups in both the
dilute and the dense phases do not change much, but the rel-
ative volume (fraction) of the dense phase shrinks with
increasing velocity. The most significant change in the flow
structure, that is, regime transition, happens between CTFB
and HDCFB, where the dense phase holdups, as well as but
to a smaller extent the dilute phase holdups, begin to
decrease, while the dense phase fraction continues to
decrease, with increasing gas velocity. Therefore, one may
say that this transition has a more profound change in the
flow structure, or the transition between CTFB and HDCFB
represents a more dramatic regime transition than those
within each one of the low-velocity and high-velocity

Figure 7. Profiles of dense phase fraction of BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s, Gs 5
234 kg/(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/(m2s)]; data for
HDCFB and CFB from Yan and Zhu.12

Table 2. RNI and Average Value for the Dilute and Dense
Phase Solids Holdups and the Dense Phase Volume Fraction

BFB TFB CTFB HDCFB CFB

Dense phase fraction
Average Value 0.72 0.43 0.49 0.21 0.20
RNI 0.02 0.03 0.04 0.60 0.31
Dense phase holdups
Average Value 0.43 0.45 0.44 0.24 0.08
RNI 0.20 0.20 0.21 0.24 0.17
Dilute phase holdups
Average Value 0.10 0.10 0.11 0.04 0.02
RNI 0.13 0.24 0.27 0.35 0.34

Figure 8. Variation of average values of esb, esd, and fd
across the fluidization regimes, BFB (ug 5
0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5
2.57 m/s, Gs 5 234 kg/(m2s)], HDCFB [ug 5 8
m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8
m/s, Gs 5 100 kg/(m2s)]; data for HDCFB
and CFB from Yan and Zhu.12

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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regimes. In the high-velocity regimes, the phase holdups
begin to have more changes, while the phase fractions expe-
rience little change, and the transition between HDCFB and
CFB is more signified by values of the phase holdups rather
than their relative phase fractions.

Further examining Figure 8, one should be able to notice
that TFB and CTFB have almost the same flow structures in
terms of solids holdup and, therefore, may be considered
being operated under very similar regimes. Noting that the
particle velocity in CTFB would not be zero given the exter-
nal solids recirculation, the difference between the TFB and
CTFB regimes would be mostly on that CTFB has a net par-
ticle upflow.8 Such net upward solids flow also seems to
yield a slightly more obvious variation in radial solids
holdup in the CTFB regime than in the TFB regime. On the
contrary, the differences between the flow structures in the
HDCFB and CFB are more significant than those between
TFB and CTFB. This transition (between HDCFB and CFB)
may be similar in magnitude as the transition between BFB
and TFB but with the changes both in ‘‘quantity’’ (the rela-
tive division of the phases) and ‘‘quality’’ (the phase holdup
values). On the other hand, the transition between the low-
velocity and high-velocity regime groups, as represented by
the transition between CTFB and HDCFB, is more on the
change in the phase holdup values (‘‘quality’’) rather than
the division of the two phases (‘‘quantity’’).

Such a change of first in the reduction of dense phase
fraction and then the reduction of the solids holdup values of
the two phases, in the regime transitions with increasing gas
velocity and as discussed above with respect to Figure 8,
can also be observed with increasing radial distances from
the center toward the wall. As reported by Zhu and Zhu,27

regime transition can happen gradually with respect to the
locations inside a fluidized bed. Careful analyses over
Figures 5–7 suggest that the regime transition starts from the
center of the bed and then propagates toward the wall. For
example, Figure 7 shows that the reduction in dense phase
fraction first starts from the bed center with increasing gas

velocity, whereas Figure 6 shows little change in dense
phase holdups in the low-velocity regimes. When the dense
phase holdup does begin to change, its change also starts
from the center, gradually toward the wall, as shown by the
radial profiles of the dense phase holdup in HDCFB and
CFB in Figure 6. For the dilute phase solids holdup shown
in Figure 5, there is also a clear trend that reduction in phase
holdups starts from the center toward the wall and only
propagates to the wall region under the high-velocity
regimes. Experimentally, the above postulation has been
verified by the results of Qi et al.9

To further evaluate transitions among the five fluidization
regimes, the radial nonuniformity indices (RNIs) for esb, esd,
and fd, as proposed by Zhu and Manyele,28 are plotted in
Figure 9 for the various regimes. This radial nonuniformity
index has a value between 0 and 1 and represents the rela-
tive uniformity in the radial profiles with 0 indicating a flat
and uniform profile. For example, for radial solids holdup
distribution, the RNI is obtained by dividing the standard
deviation of those holdup data in the radial profile by the
maximum possible standard deviation of the most nonuni-
form (least uniform) radial distribution of solids concentra-
tion under the same cross-sectional average solids concentra-
tion.28 As such, the RNI values may be used to illustrate the
flow development in the radial direction for the various
regimes. Within the low-velocity fluidization regimes,
RNI(esb) and RNI(esd) remain relatively constant, suggesting
more uniform fluidization and less variation in special re-
gime transition. Into the high-velocity regimes, RNI(esb) and
RNI(esd) both have an obvious increase in HDCFB and then
drop off into CFB, with the effect being very dramatic for
the dense phase. RNI(fd) shows a similar trend but has a
clear dip for CFB, suggesting that the division between the
dense and dilute phases is more uniform across the bed than
TFB/CTFB. The above-mentioned phenomena echo at least
partially the trends shown in Figure 8 and certainly illustrate
the differences and transitions between the various fluidiza-
tion regimes.

Flow regime differences and similarities

From the above analyses, it can be seen that the differen-
ces between each pair of neighboring regimes and therefore
the transition in between are not always the same and as a
matter of fact can be dramatically different. Table 2 summa-
rizes the values of the averages and RNIs of esb, esd, and fd
as used in Figures 8 and 9. Following the same trend of Fig-
ures 8 and 9, one can see that these parameters do not
change much in the low-velocity regimes but have a large
jump crossing into HDCFB regime, and then ‘‘moderate’’ to
a smaller change going into CFB regime. The extent of the
above changes may be used to explore similarities among
the various regimes.

As discussed above, TFB and CTFB have almost the same
characteristics with minor differences, so that they may be
considered as a single regime. Between TFB (as well as
CTFB) and BFB, the only difference seems to be the relative
fractions of the dense and dilute phases, so that the differ-
ence is small and quantitative. In general, BFB is character-
ized by large bubbles going through the central areas of the
bed, whereas TFB by smaller voids more uniformly distrib-
uted across the bed. In other words, the transition is more on
the changes in the size of the voids, while the dense phase
remains the continuous phase. Therefore, TFB (including
CTFB) still shares many similarities with BFB and should

Figure 9. RNI of esb, esd, and fd at h/H 50.60 for five flu-
idization regimes, BFB (ug 5 0.53 m/s), TFB
(ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s, Gs 5
234 kg/(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550
kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/
(m2s)]; data for HDCFB and CFB from Yan
and Zhu.12
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be still grouped with BFB and considered a low-velocity flu-
idization, rather than high-velocity fluidization. Entering into
the high-velocity regimes, the flow is more characterized
with a continuous dilute phase and dispersed dense phase
aggregates. Such a dramatic change is clearly exhibited in
Table 2 on all the parameters presented, reflecting the fact
that this is a more fundamental change (regime transition) in
the flow structure, where the two phases inverse their role as
the dominant phase. Furthering into the CFB regime with
increasing gas velocity, the relative changes in the parame-
ters become smaller again, indicating a smaller change or a
milder transition from HDCFB. However, the relative
changes between HDCFB and CFB are still larger than those
between BFB and TFB/CTFB.

From the above discussion and based on a wide span of
the gas–solids multiphase flow systems in all fluidized beds,
one can conclude:

1. TFB and CTFB may be considered a similar regime,
possibly representing a transition between BFB and high-ve-
locity fluidization.10

2. The differences between TFB/CTFB and BFB are rela-
tively small.

3. CTFB, although having net external solids circulation
like HDCFB/CFB, is essentially still a turbulent regime, sim-
ilar to TFB.

4. The transition between TFB/CTFB and HDCFB is
much more significant than any other transitions.

5. There is a clear difference between HDCFB and CFB,
and such difference is larger than the difference between
BFB and TFB.

Microscopic flow structure analyses

The differences between BFB, TFB, CTFB, HDCFB, and
CFB regimes can be further studied by the natures of PDF of
the solids holdups and moment features, such as skewness and
kurtosis, as shown in Figures 10–12. The results demonstrate
that the fluidization regimes can be classified into two groups:
flow dominated by high solids holdup peak and flow domi-

nated by the dilute phase peak (Figure 10), corresponding to
the low-velocity and high-velocity fluidization regime groups
discussed earlier. In the first group, BFB, TFB, and CTFB have
a clear peak in their PDF graphs around the dense phase solids
holdup and a more scattered dilute phase distribution. The
dense phase peak also increases from the center toward the
wall, whereas the magnitude of the dilute phase reduces from
the center to the wall, implying much denser phase dominating
toward the wall. In the second group, HDCFB and CFB only
display a dilute phase peak on the left side in their PDF graphs,
implying dilute phase dominating. From the center to the wall,
the dilute phase peak widens and shifts right, responding to the
weakened dilute phase structure. The lack of high-density peak
for HDCFB and CFB regimes echoes the low-density fraction
as shown in Figure 8.

The differences between the fluidization regimes displayed
by PDF can be exhibited through the skewness and kurtosis
features of the solids holdups, as shown in Figures 11 and
12. Typically, skewness is a measure of the lack of symme-
try in the PDF of the solids holdup signals around the mean
value and reflects the predominance between the dense and
dilute phases in the gas–solid phase flow, negative skewness
reflecting dense phase dominating flow and positive skew-
ness reflecting dilute phase dominating flow. The negative
skewness in BFB and most of TFB and CTFB confirms the
dense phase dominated flow, whereas the high skewness in
HDCFB and CFB confirms the dilute phase dominated flow.
For CTFB and to a lesser extent also for TFB, the skewness
is close to zero in the center, suggesting a beginning of the
transition of the flow from dense phase dominating to dilute
phase dominating. On the other hand, kurtosis is a measure
of the peakedness of the PDF and quantifies the magnitude
of the variation of solids holdup distribution of the disper-
sive phase (bubbles in BFB and clusters in CFB). Therefore,
the long and sharp tails in the PDF in Figure 10 lead to
higher kurtosis values, corresponding to the solids distribu-
tion in the core region of HDCFB and CFB and in the wall
region of BFB, TFB, and CTFB. On the other hand, a widen

Figure 10. PDF profiles of BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s, Gs 5 234 kg/(m2s)],
HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/(m2s)], corresponding to the
data at h/H 5 0.60 in Figures 11 and 12; data for HDCFB and CFB from Yan and Zhu.12
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distribution on the PDF in Figure 10 corresponds to lower
kurtosis values, representing the solids holdup distributions
in the core region of BFB, TFB, and CTFB and in the wall
region of HDCFB and CFB.

Underlining mechanisms flow characteristics across
fluidization regimes

When a gas–solid bed starts to fluidize at minimum fluid-
ization velocity, the entire bed is in the dense phase condi-
tion. With increasing gas velocity, dilute phase appears and
the dilute phase fraction also increases with further increas-
ing gas velocity. This is due to particle aggregation and
leads to nonuniformity in gas and solids flow distribution,
both in terms of phase holdups and phase flow, inside the
fluidized bed.29 Although making many things less ideal, it
is such nonuniformity that provides the main feature of gas–
solid fluidized bed, allowing a gas–solid fluidized bed to op-
erate at high gas velocities well beyond the particle terminal

velocity and, therefore, significantly increases the process
capacity of fluidized bed reactors.

Results obtained in this studies as reported above have
allowed us to track the gradual evolvements of the two
phases through the various fluidized bed systems, with
increasing gas velocity. Initially, dilute phase appears as
soon as extra gas is added after minimum fluidization veloc-
ity for Geldart Group B particles or soon after at minimum
bubbling velocity for Geldart Group A particles. Our study
shows that with such increase in the dilute phase fraction in
the bed (or the decrease in the dense phase fraction, as plot-
ted in Figures 7 and 8), the solids holdups inside both the
dilute and the dense phases do not change appreciably over
an extended region covering bubbling and (circulating) tur-
bulent regimes, with increasing gas velocity. Considering the
fundamental forces that govern the gas–solid flow inside an
ideal fluidized bed, the particles are dragged upward by the
gas flow (drag force) and downward by the gravitational

Figure 11. Radial skewness profiles for BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s, Gs 5 234
kg/(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/(m2s)]; data for
HDCFB and CFB from Yan and Zhu.12

Figure 12. Radial kurtosis profiles for BFB (ug 5 0.53 m/s), TFB (ug 5 1.6 m/s), CTFB [ug 5 2.57 m/s, Gs 5 234 kg/
(m2s)], HDCFB [ug 5 8 m/s, Gs 5 550 kg/(m2s)], and CFB [ug 5 8 m/s, Gs 5 100 kg/(m2s)]; data for
HDCFB and CFB from Yan and Zhu.12
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force (with the buoyancy force neglected). When drag and
gravity reach equilibrium, the particles are successfully sus-
pended, fluidized. However, as pointed out by the bifurcation
theory for two-phase flow,30,31 with multiple particles inside
the gas–solid fluidized bed system, the most stable operation
is likely to be achieved with flow bifurcation, that part of
the fluidized bed would be much more dilute than the rest of
the bed, allowing the easy passage of excess gas, while
retaining most particles in the dense phase, so that to mini-
mize the overall energy consumption.32

Thus, the formation of bubbles is the result of the bifurca-
tion and the solids holdups of the dilute and dense phases
that would achieve stable operation are also dictated by the
bifurcation and/or energy minimization. As a result, further
increasing gas velocity from bubbling bed into the TFB
would only increase the fraction of the dilute phase but not
the solids holdups of the dilute and dense phases. This is
clearly shown in Figure 8 where the solids holdups in both
dilute and dense phases remain constant over BFB, TFB,
and CTFB. Those fluidized beds are termed as low-velocity
fluidized bed. With yet further increasing the gas velocity,
the overall fluidized bed becomes so dilute that the flow
mechanism underlining the gas–solid flow changes. Essen-
tially, the dense phase begins to loose its dominance and
gives right of the continuous phase to the dilute phase. Parti-
cle aggregation, while still existing, also changes its form to
particle clusters, in which size, and possibly also density,
decreases with the increase of gas velocity. In those high-ve-
locity fluidized bed, the solids holdups in both dense and
dilute phases continue to decrease with increasing gas veloc-
ity, as also clearly shown in Figure 8. It has been reported in
our earlier study9 that the gas–solids flow inside low-velocity
fluidization systems is dominated by particle–particle interac-
tion, so that the solids holdups inside the two phases in
BFB, TFB, and CTFB are not affected much by the gas ve-
locity. It may be further extended that the gas–solids flow
inside high-velocity fluidization systems is more dominated
by gas–particle interaction, so that the solids holdups inside
the two phases in HDCFB and CFB change drastically with
increasing gas velocity.

As only FCC, Geldart Group A particle, was used in this
study, some of the above discussion may not apply to other
types of Geldart particles. For example, the two-phase
behavior for larger Geldart Group B particles are much
stronger than those of Group A particles, so that even the
existence of the transition regime, the turbulent fluidization
regime, is still a question.33

Significance of MCDPM

MCDPM includes moment feature analysis (mean, stand-
ard deviation, skewness, and kurtosis), parameter estimation
and phase division of the flow structure in multiphase flow
systems. Compared to other investigation methods on flow
structures in gas–solid systems, MCDPM is capable of
directly estimating solids holdups of the dense and dilute
phases and the dense phase volume fraction from the meas-
ured solids holdup series, without additional information.
With calculated esd, esb, and fd, from measurements at vari-
ous axial and radial locations, one can easily study the
detailed two-phase flow structure in many fluidized beds and
other multiphase conditions. In particular, flow regime classi-
fication and characterization are made possible over a wider
range of conditions.

Conclusions

Experiments with FCC particles were carried out in two fluid-
ized beds under five different fluidization regimes, BFB, TFB,
CTFB, HDCFB, and CFB. Solids holdup signals were obtained
with optical fiber probes at eleven radial positions at four eleva-
tions. The moments (mean, standard deviation, skewness, and
kurtosis) from the experimentally measured solids holdup sig-
nals were compared with those of equivalent ideal two-phase
flow systems, and a MCDPM was proposed to estimate the sol-
ids holdups and volume fractions of the dense and dilute phases
at each measured location. These key parameters and their radial
and axial distributions were used to study the detailed flow
structures inside the various fluidized beds and the regime tran-
sitions among them. The results showed great similarities
between the TFB and CTFB but less similarities between the
HDCBF and the CFB, with a more significant regime transition
from TFB/CTFB to HDCFB. In the low-velocity regimes of
BFB, TFB, and CTFB, increasing gas velocity leads only to the
decreasing of dense phase fraction but not the average dilute
and dense phase holdups, whereas in the high-velocity regimes
from HDCFB to CFB, it is the solids holdups of the dense phase
that undergoes the most change. From the low-velocity to the
high-velocity regimes, both the solids holdup and the fraction of
the dense phase experience a drastic decrease, suggesting that
this transition has a more profound change in the flow structure
and further suggesting that CTFB is in reality still a TFB,
although external solids recirculation has been imposed. Across
the bed, the regime transition starts from the center of the bed
and then propagates toward the wall.
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Notation

D ¼ bed diameter, m
EK ¼ relative kurtosis error
ES ¼ relative skewness error
fd ¼ volume fraction of dense phase
Gs ¼ circulation rates, kg/(m2s)
K ¼ kurtosis of local solids holdup fluctuations

Kth ¼ theoretical kurtosis value
N ¼ sampling population
n ¼ the population number of the subset of the solids holdup within

dense phase
r ¼ radial position, m
R ¼ radius of the column, m
S ¼ skewness of local solids holdup fluctuations

Sth ¼ theoretical skewness value
ug ¼ superficial air velocity, m/s
vp ¼ instantaneous particle velocity, m/s
Vp ¼ particle velocity, m/s
Z ¼ elevation from the air distributor, m

Greek letters

e ¼ instantaneous solids holdup
�es ¼ local time-averaged solids holdup
esb ¼ local time-averaged solids holdup of dilute phase
esd ¼ local time-averaged solids holdup of dense phase
qp ¼ particle density, kg/m3

r ¼ standard deviation of local solids holdup fluctuations

Subscripts

c ¼ phase
b ¼ dilute phase
g ¼ gas
p ¼ particle
s ¼ solids
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