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In this article a novel circulating-turbulent fluidized bed (C-TFB) featured by high
solids holdup and high gross solids circulation has been introduced and tested. The
purpose of the new design was to integrate conventional circulating and turbulent flu-
idized beds into a unique high-density fluidization system for more efficient gas-solid
contact and significantly reduced solids backmixing. The hydrodynamic characteristics
of the C-TFB were analyzed in terms of differential pressure, solids concentration, par-
ticle velocity, and local solids flux distributions. An axial homogeneous flow structure
was easily obtained with cross-sectional average solids volume concentrations higher
than 0.25 throughout the entire C-TFB. At all measuring positions there was no net
downflow of solids and a good gas-solid mixing was observed. © 2008 American Institute
of Chemical Engineers AIChE J, 54: 1213-1223, 2008
Keywords: circulating-turbulent fluidized bed, gas-solid fluidization, new design, high
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Introduction
Conventional fluidized bed

With the advantages of good mass and heat transfer char-
acteristics, gas-solids fluidized beds have been widely
utilized in many industrial processes including combustion,
gasification, catalytic cracking, calcinations, etc.'? The per-
formance of these multiphase fluidized bed reactors greatly
depends on their hydrodynamic properties. From the experi-
mental evidence available in the literature so far, gas-fluid-
ized beds may operate in several different flow regimes:
particulate fluidization, bubbling (slugging) fluidization, tur-
bulent fluidization, fast fluidization, and pneumatic transport.
While each of these flow regimes has encountered in indus-
trial practice, the turbulent fluidization regime (turbulent flu-
idized beds) and fast fluidization [circulating fluidized beds
(CFB)] cover the operations of almost all the key commercial
applications® because of their own favorable fluidization
characteristics.
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Industrial applications of CFBs started in the 1950s, and
rapidly expanded since late 1970s. Usually CFBs operate in
the regime of fast fluidization with higher flow rate of gas
and solids, leading to a higher production capacity and
reduced axial gas back mixing. In addition, the independent
control of gas and solids retention times provides the reactor
more flexibility in operation. Previous experiments have
clearly demonstrated that CFB is hydrodynamically charac-
terized by an extremely nonuniform flow structure, with a
dense bottom region and dilute upper region in the axial
direction*™® and a “core-annulus” flow structure in the radial
direction.” This nonuniform flow structure and relatively
dilute solids concentration (usually less than 10%) result in
many disadvantages, such as the serious gas by-passing
through the core dilute region and extensive backmixing of
solids in the wall region, consequently resulting in lower
gross gas-solids contact efficiency and poor selectivity of
chemical reactions.'® Also there is a reduction in heat trans-
fer coefficients between heat transfer surfaces and suspension
and somewhat greater temperature gradients than in dense
beds.'""'? These limitations greatly affect the application of
conventional CFBs’ to processes with slow reaction rates or
requiring high heat transfer rates. Furthermore, due to the
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study by Dry et al.'” the gas-solids contact appeared to reach
its peak at superficial gas velocity (U,) around 2 m/s for a
solids flow rate (G,) exceeding 100 kg/m2 s, and then
decreased as the gas velocity was further increased. At U, of
8 m/s, the contact efficiencies appeared to be significantly
less than 100%, even at G, approaching 200 kg/m2 s. These
results suggested that, despite many advantages like the high
throughput per unit reactor volume and good gas-solids flow
rate control, the overall gas-solids contacting efficiency and
the state of axial and radial gas mixing in conventional CFBs
was not optimal.

Apart from the CFB reactors, turbulent fluidized beds
(TFBs) have also been widely used in various industrial
processes because of the vigorous gas-solids contacting,
favorable bed-to-surface heat transfer, and high solids con-
centration (typically 25-35% by volume).'? The surface-to-
bed convective heat transfer coefficients tend to reach a max-
imum in the turbulent fluidization and the interphase mass
exchange is also rapid. The high solids concentration com-
bined with the efficient gas-solid contact and the temperature
uniformity in TFBs is a very attractive operating mode for
industrial applications. However, compared with CFBs, more
serious backmixing of both gas and solids phases occurs in
TFBs.

High density/high flux circulating fluidized bed risers

The concept of high-density CFB operation was first pro-
posed by Bi and Zhu'* to distinguish the high-flux and high-
density operating conditions encountered in FCC risers from
those low flux and low-density operations corresponding to
the CFB combustors. In 1995, Zhu and Bi'® further defined
the high-density operation with G, > 200 kg/m” s and &, >
3-5% in the developed section of the riser. Among the stud-
ies exploring high-density/high-flux fluidized beds, the most
comprehensive research work has been carried out at the
University of British Columbia®®'®° and the University of
Western Ontario®' ™ with Group A particles (FCC). In
UBC'’s work, it was found that under high fluxes and suspen-
sion densities (U, = 4-8 m/s, G, = 200-425 kg/m2 s) there
was no net downflow of particles at the wall and cross sec-
tional averaged solids volumetric concentration was about
0.1-0.25 with little axial variation. In 1999, Grace et al.'®
proposed a new flow regime named “dense suspension
upflow” (DSU) to represent the flow dynamics inside the
high-density riser and claimed that this flow regime “clearly
requires both high superficial gas velocities (at least several
m/s) and high solids fluxes (at least 200 kg/mz/s)”. UWO’s
studies were conducted in a relatively long riser (10 m in
height compared to 6.1 m riser used in UBC). Their results
showed that under high-flux operations (U, = 5.5-10 m/s,
G = 300-550 kg/m2 s), the axial solids concentration profile
was not flat and the cross-sectional solids concentration was
clearly less than 0.1 in the upper portion of the riser with a
dense bottom region (&5 ~ 0.2). Radial solids concentration
profiles at high G, (>300 kg/m” s) were less uniform than
that of lower G (<200 kg/m” s).

In both groups’ studies, the solids volume concentrations
were found to be lower than 0.06 in the central region (7/R
< 0.5) and increased to 0.4-0.44 at the wall region. This
strong radial solids concentration gradient may result in simi-
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lar gas bypassing phenomenon as occurred in typical CFBs,
that reduces the gas-solids contact intensity.

Concept of circulating-turbulent fluidized bed

Current research in fluidized bed reactors continues to
explore means of improving reactor performance with better
gas-solids contacting efficiency and higher conversion per
unit volume. A natural development is to take the technology
a step further with better hydrodynamic characteristics. In
this article a novel circulating-turbulent fluidized bed (C-
TFB) was proposed, where a special operating mode with
low superficial gas velocity and high solids circulation rate
was realized, resulting in a highly dense suspension and uni-
form flow structure. The C-TFB design and operation was
developed especially to overcome a number of problems usu-
ally encountered in CFB risers and TFBs, while integrating
the advantages of both, such as the high solids concentration,
excellent gas-solids contact efficiency, as well as the suppres-
sion of axial mixing with high solids circulation rates.

High solids flow rates and uniform dense suspension will
be very useful for applications requiring higher solid/gas
feed ratios and uniform solids and gas residence time, slow
reactions involving both gas and solids phases, and processes
where the gas-solid contacting efficiency is crucial.

It is thought that the C-TFB can create the following
advantages over the conventional fluidized beds:

(1) Recycling particles, while maintaining a high solids
concentration and gas-solid reaction intensity;

(2) High particle handling capacity with low gas by-passing;

(3) No net downflow of solids over the whole section;

(4) Axial homogenous flow structure and enforced homo-
geneity of suspension in radial direction.

Hydrodynamic characterization of the novel C-TFB has
been carried out in a cold-flow set-up. Results of measure-
ments of pressure drop, local solids concentration, particle
velocity, and solids flux were presented in this article.

Experimental Setup

The conceptual C-TFB was shown schematically in Figure
1. The system consists of six parts: (1) a C-TFB column,
with i.d. of 0.101 m and height between gas distributor (a
perforated-plate with open area ratio 14%) and column top
of 3.6 m; (2) a quick discharging section at the top of the C-
TFB column with a diameter of 0.203 m and a total height
of 6.4 m; (3) a downcomer (i.d. 0.305 m) with total solids in-
ventory of about 420 kg, equivalent to a solids level of
~6 m in the downcomer when all solids are stored there; (4)
a solids circulation rate measurement device with two flapper
valves in the upper section of the downcomer (see Pérssinen
and Zhu’s paper21 for more details); (5) a recycle loop
including a primary inner cyclone, secondary and tertiary
standard cyclones, and a bag filter to capture the entrained
particles and return them to the downcomer; (6) an inclined
solids return pipe at the bottom with a solid circulation flow
rate control device.

After passing the butterfly valve in the inclined pipe, the
solids coming from the downcomer entered the C-TFB bot-
tom at a height of 0.2 m above the gas distributor, and were
accelerated by air at ambient conditions. Secondary air sup-
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Figure 1. Schematic drawing of the C-TFB.
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ply was distributed via an annular perforated plate with
12.6% free area at the bottom of the discharging column to
lift the particles upwards and to entrain particle out of the
column as quickly as possible, so that the pressure drop in
the upper section was minimized. Therefore, this unique
design enabled high solids circulation rates and high suspen-
sion density in the C-TFB with relatively low superficial gas
velocity (1-3 m/s). The air flow rates were individually con-
trollable in each of the columns, and such flexible operation
was indeed a very important design aspect for a technology
needed to operate over a wide range of gas to solids loading
ratios. In the present study, the secondary air velocity was
kept at 5 m/s.

The particles used in this study were FCC catalyst with a
Sauter mean diameter of 65 pum and a particle density of
1780 kg/m>. The relative humidity was kept between 50 and
60% to limit the electrostatic effects and the capillary forces
to acceptable levels.** The particle size distribution was
listed in Table 1.

Table 1. Size Distribution of the FCC Particles

Particle Size (um) Volume Fraction (%)

0-20 1.71
20-40 29.48
40-60 35.01
60-80 19.37
80-110 10.83
110-160 3.61
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Experimental measurements included differential pressure
and local solids concentration and particle velocity. Five
pressure taps were installed over 0.7 m intervals along the C-
TFB and connected with four differential pressure trans-
ducers (Omega PX162) to measure the axial profiles of the
pressure gradient. To prevent particles from entering the
measuring lines, the pressure taps were covered with fine
screens. Signals of the differential pressure fluctuations were
sampled with a frequency of 1000 Hz and the total acquisi-
tion time was 30 s.

Local solids concentration and velocity were measured
using two optical fiber probes (Probe 1 and Probe 2, as
shown in Figure 2) at four axial positions (0.8, 1.5, 2.2, and
3.0 m), and at eleven radial positions (/R = 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. The optical fiber probes were model PV-5, newly
developed by the Institute of Process Engineering, Chinese
Academy of Sciences, Beijing, China. The optical fiber
probes were capable of simultaneously measuring instantane-
ous solids concentration and particle velocity. The probe di-
ameter was 4 mm, containing two sub-probes with an active
tip area of 1 X 1 mm for each, with a separation distance of
1.7 mm. Each sub-probe consisted of both light-emitting and
receiving quartz fibers arranged in an alternating array, corre-
sponding to emitting and receiving layers of fibers. The di-
ameter of each fiber was 25 um. To prevent particles from
occupying the blind zone, a glass cover (0.2 mm) was placed
over the probe tip. The received light reflected by the par-
ticles was converted by a photo-multiplier into voltage sig-
nals. The voltage signals were further amplified and fed into
a PC. At each location the data were sampled at 50 kHz for
30 s. At least five repeat measurements were made. This
combination of the sampling rate and sampling length
ensured that the full spectra of hydrodynamic signals of in-
terest were captured from the fluidized bed. Using a calibra-
tion equation the voltage data were converted to solids con-
centrations and the calibration process was described in
detail by Zhang et al.>

Since the reflective optical fiber probe was an intrusive
measurement technique, the impacts of the two probes on the
overall flow structure were tested under four operating condi-
tions, listed in Table 2, at axial position Z = 1.5 m and 10
radial position /R = 0.16, 0.38, 0.5, 0.59, 0.67, 0.74, 0.81,
0.87, 0.92, and 0.98. First, for each operating conditions
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Figure 2. Schematic of the solids concentration-
velocity fiber optic probe.
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Table 2. Operating Conditions in C-TFB
G, = 50 kg/m® s
U, = 2.0m/s

Gy = 150 kg/m? s
U, = 2.0 m/s

U, = 1.0 m/s U, = 1.0 m/s

the solids concentration was measured five times with just
probe no. 1 at 10 radial positions. The sampling frequency
was 50 kHz and the duration of measurement 30 s. Solids
concentration and standard deviation were calculated for
each measurement. Then, the same measurement procedure
was repeated with probe no. 1 after the probe no. 2 was
inserted into the column with tip locating at the same radial
position of probe no. 1. For all operating conditions and at
all radial positions, a good agreement observed between the
solids concentrations and standard deviations before and after
the probe no. 2 was inserted with 0.02 maximum differences.
Hence, it was assumed that the existing of the two probes
has no significant interference on the over all flow structure.

In principle, when vertically moving particles passed the
tips of two sub-probes, similar signals with difference of
only a shift in time would be measured. Therefore, the verti-
cal particle velocity could be calculated with cross-correla-
tion method. In this study, an integration time 7 of 20.5 ms
was set, and there were totally 1460 groups for each sam-
pling. Elimination criteria were employed to systematically
remove poorly correlated data (cross correlation coefficient
less than 0.6, as used by Werther et al.?®). It was impossible
to directly confirm this method as an accurate method for
measuring local particle velocity without using another
method. However, when the net solids flux G¥ calculated
from Eq. 1 was integrated across the riser cross-section and
compared with the overall solids circulation rate Gy measured
by the flapper valves in the measuring tank, a reasonably
accurate mass balance was established. This validated the ac-
curacy of both particle velocity and solids volume concentra-
tion (V}, and &, respectively) measured by the probes.

R 1
1 - =
G = ﬁ/sz“"L dr = Z/Gs,Ll_ed(r/R) (M
0 0

T
Gor = 1, / Vo (0es(t) di @
0

Here, ES,L was the time-mean local solids flow rate, V(1)
was the instantaneous particle velocity and &y(f) was instanta-
neous solids concentration measured with the probes. Figure
3 showed the comparison between G, measured by the meas-
uring tank and G¥ calculated by Eq. 1. The error was less
than 5%, demonstrating that the measured particle velocity
and solids volume concentration were reliable.

In the present work the hydrodynamic studies were carried
out first to establish the feasibility and then to characterize
the behavior of the proposed system. The operating condi-
tions were listed in Table 2. The effects of solids loading
and superficial gas velocity on the performance of the pro-
posed reactor were investigated. The results in comparison
with normal CFBs and TFBs were also presented.
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Figure 3. Measurements validation for solids concen-
tration-velocity optical fiber probe.

Results and Discussion
Axial differential pressure profiles

Differential pressure profiles were used first to characterize
the global hydrodynamic behavior in the C-TFB. Results

under steady state operations were displayed in Figure 4 for
different superficial gas velocities (U,) and solids circulation
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Table 3. Solid/Gas Loading Ratio

G, = 50 kg/m* s G, = 150 kg/m? s

U, = 1.0 U, =20 U, =10 U, =20
m/s m/s m/s m/s

Solid/gas
ratio 41.7 20.8 125 62.5

rates (G). The differential pressure profiles exhibited almost
uniform distributions along the C-TFB under all four operat-
ing conditions. The differential pressures increased with
increasing G, and/or decreasing U, but the increase was lim-
ited as the bed condition was already fairly dense.

Gas-solid interfacial area per unit volume of suspension
that directly affects gas-solid reaction is very much related to
the solids distribution. Solids residence time distribution
within the fluidized bed and heat transfer between the sus-
pension and the wall are also dependent on the solids distri-
bution. It has been found that particle convective heat trans-
fer coefficient increases with the solids suspension density
because of higher particle thermal conductivity.?” In this C-
TFB, apparent cross-sectional averaged solids concentration
calculated from the differential pressure measurements (AP/
AZ = [pses + po(1 — &5)]g) ranged from 0.25 to 0.30. Such
a high solids concentration condition should ensure excellent
heat and mass transfer rates in the proposed new fluidized
bed reactor for many chemical processes with moderate and
slow reactions.

The corresponding standard deviation profiles were also
included in Figure 4. Consistent with the differential pressure
profiles, the standard deviation values also increased with
increasing G, and/or decreasing U, reflecting the increased
flow fluctuations caused by particle—particle interactions.
Under all operating conditions, the fluctuation increased with
the height first, and reaches its maximum at the middle
region of the C-TFB (Z = 1.5 and 2.2 m), and then
decreases with height. The maximum standard deviation
reflected the vigorous particle—particle interactions at the
middle region.

Solid-to-gas loading ratio, G¢/(p,U,), is the dimensionless
solids circulation rate. Values under the four operating condi-
tions as summarized in Table 3 showed that the solid/gas
loading ratio could reach as high as 125 in the C-TFB, in
comparison of 10-80 for most CFB operations with Group A
particles.

Comparing these solid-to-gas loading ratios with the
shapes of the differential pressure profiles, it could be noted
that for solid-to-gas loading ratios larger than 40, the differ-
ential pressure became more uniform along the C-TFB, and
only changed little with further increasing the loading rate.
To examine further the flow characteristics, the axial and ra-
dial solids distribution profiles in the column were measured
by the optic probes.

Axial solids distribution profiles

It was widely recognized that for a better understanding of
the flow properties in multiphase systems, such as CFB, it
was of prime importance to know the inner details of such
flows. Especially, the knowledge of the local solids distribu-
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tion in the fluidized beds was key to successful design and
operation of these systems. In this study, the local solids dis-
tributions were investigated in both axial and radial direc-
tions for four operating conditions.

The cross-sectional averaged solids concentrations along
the C-TFB, as integrated from the local solids concentration
profiles, were summarized in Figure 5. It was found that a
uniform and dense gas-solid suspension has been achieved
along the whole column, with solids volumetric concentra-
tions ranging from 0.23 to 0.29. In particular, for the high
solid-to-gas loading ratio cases (>40, as shown in Table 2),
the averaged solids concentration was higher than 0.25
throughout the entire C-TFB. This solids volume concentra-
tion was higher than that in the bottom dense region of typi-
cal CFBs (~0.2) and that in the “DSU” (0.15-0.25) as
reported by Issangya et al.® Grace et al.,'® Pirssinen and
Zhu,”' Louge and Chang,”® and Malcus et al.*’ This high-
density uniform axial solids distribution in the C-TFB was a
significant advantage over conventional CFB, which have a
substantial variation in cross-sectional averaged solids con-
centration with a dense phase at the bottom and a relatively
dilute region towards the top.S’12 The axial uniform flow
structure should lead to both uniform solid-gas contact effi-
ciency and uniform suspension-to-wall heat transfer through-
out bed height.

Radial solids distribution profiles

The influence of the operating conditions (U,, Gs) on the
radial solids distribution was investigated at the height of Z
= 2.2 m. As shown in Figure 6, except the case U, = 2 m/s
and G, = 50 kg/m2 s, the time mean solids concentration
increased monotonically with the radial position, from 0.1 at
the center to 0.45 at the wall, and such an increase followed
the same trend within the tested range of operating condi-
tions. Furthermore, changes in operating conditions have no
significant influence on the radial solids concentration pro-
files. This insensitivity to the operating conditions suggested
that the two-phase suspension density reached a saturation
state in the C-TFB.
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Figure 5. Cross-sectional averaged solids concentration.
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Figure 6. Effects of operating conditions on radial sol-
ids distribution Z = 2.2 m.

Figure 6 also plotted the corresponding standard deviations
for the radial profiles. First, the fluctuation of solids concen-
tration increased gradually to a peak at /R = 0.6-0.7, and
then underwent a sharp decrease towards the wall. The max-
ima in the solids concentration fluctuations indicated a vigor-
ous gas-solids interaction at the corresponding radial posi-
tion, which always occurred at the middle region of the col-
umn under all operating conditions. Such a phenomenon that
the standard deviation peaked at middle radial position was
also reported by Issangya et al.'” and Grace et al.'"® in their
high density CFB. They claimed this phenomenon as a spe-
cial characteristic for high density CFB which were operated
under relatively high superficial gas velocity, but it was
clearly shown in C-TFB as well.

The flow development along the C-TFB was shown in Fig-
ure 7 at U, = 1.0 m/s and G, = 150 kg/m? s. The radial pro-
files of solids concentration from different axial positions were
quite similar, with height increasing from 0.8 to 3.0 m. The
solids concentration just decreased slightly in the center (from
0.16 to 0.09) but changes little at the wall. This result con-
firmed that the flow structure in the bed was axially homogene-
ous, as reflected in the differential pressure profiles (Figure 4).
The insensitivity of solids concentration to the height suggested
a fully developed dense solids flow over the entire bed. The
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Figure 7. Radial profiles of solids distribution along C-
TFB Uy = 1.0 m/s, Gs = 150 kg/m? s.

included standard deviation profiles at different heights showed
that the magnitude of solids concentration fluctuations
depended strongly on the radial position as well as on the axial
position. The strongest fluctuations also appeared at the middle
heights (Z = 1.5 and 2.2 m), which was in consistent with the
differential pressure results shown in Figure 4.

Tangential symmetry of the solids flow inside C-TFB

Figure 8 presented the measurements from two different
radial directions with an angle of 120° apart (as shown in
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Figure 8. Radial symmetric flow structure at Z = 0.8 m.
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Figure 2) at the same axial position Z = 0.8 m. The results
showed that under all four operating conditions, there was little
difference between the measurements obtained from the two
directions. As such, the time-averaged local solids concentra-
tion exhibited a tangential symmetric distribution in the C-
TFB, even at the low axial position, where the flow structure
was prone to be affected by the gas distributor or solids inlet.

Probability density distributions

Instantaneous solids concentration has a considerable
effect on the apparent reaction and heat/mass transfer proper-
ties in the fluidized beds.’**' To further explore the links
between the fluctuations of solids concentrations and the
interaction between the gas-solids phases, probability density
distribution (PDD) analyses were carried out at Z = 2.2 m
and five different radial positions. Typical PDD curves of
local solids concentration signals were illustrated in Figure 9.

In general, three types of PDD curves were observed
depending on the different radial positions. First, at the axis (7/
R = 0.0), the probability distribution plot showed a single low
concentration peak (5 ~ 0.02) with a long tail at right hand,
indicating that a large amount of particles are in dilute phase
(represented by &5 ~ 0.02). Second, in the middle region, two-
peak continuous solids concentration distribution with low
probability density was observed and the distinction between
the dense (represented by & ~ 0.5) and dilute phases was dif-
fuse or even lost completely. This broad distribution resulted
in a better gas-solids contacting quality and further reduces gas
by-passing, which occurred in the core region of conventional
CFB risers as reflected by the narrow sharp peak distribution.*>
Third, moving outwards towards the wall, the low solids con-
centration peak disappeared and there was only a high-density
peak with a long tail towards the left. For all three radial
regions, there existed wide distributions of local solids concen-
tration. This excellent mixing between the solids and gas
phases represented by the broad distribution of PDD at almost
all radial positions was a great advantage of C-TFB.
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Particle velocity measurements

Particle velocities in fluidized beds were also of great inter-
est in understanding local flow dynamics, as the particle veloc-
ity was directly related to the particle residence time in fluid-
ized beds. From the optical fiber probe system, the velocities
of both upflowing and downflowing particles, V}, ,, and V}, gown
respectively were obtained with the cross-correlation method.

Figure 10 showed the effects of operating conditions on
the radial distributions of particle velocities at Z = 2.2 m.

Uy(mis) Gs(itg-‘mzs}

| 1.0 50
[ ] 1.0 150
& 2.0 50
v 2.0 150
3
T
2 x
[77] e
E 2 ® * ¥ x
- SRt ge
==
£ 14
E | 0 n ! ﬁg !
S
o 0
o
5
54 8 BEEEEREIE
'2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
R (=)

Figure 10. Effects of operating conditions on particle
velocity at Z = 2.2 m.
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Figure 11. Axial positions effects on particle velocity
distribution Uy = 1.0 m/s, G5 = 150 kg/m? s.

Overall, it can be found that particles moved up and down
dynamically at all measuring points. Increasing U, led to an
increase in the V, ;, at all radial positions, with higher degree
of increase in the center region. Compared with U,, G, has
less effect on V., Results also showed that the Vi gown
remains relatively constant at about —1 m/s regardless of the
radial position and operating condition.

To investigate the particle velocity distribution along the
C-TFB, velocity measurements from different axial levels at
U, = 1.0 m/s and G, = 150 kg/m?® s were carried out. As
shown in Figure 11, axial position has no significant effect
on the particle velocity, especially in the wall region (/R >
0.6). Such a strong independence of particle velocity on the
height could only be understood by considering that the gas-
solids suspension reached some kind of “an equilibrium
state,” or “a force balance” in the macro-scope, so that there
was no obvious solids acceleration along the C-TFB. Further-
more, the enhanced collision and interaction between the par-
ticles in the high-density flow conditions greatly unified the
axial particle velocity distribution. These results showed a
strong connection between the particle velocities and the sta-
tus of overall solids flow structure in this extremely high-
density gas-solids suspension.

Figure 11 provided clear evidence that particles moved
both up and down at all measuring positions. This caused an
extensive turbulence in the gas-solid flow, as indicated in the
standard deviation profiles in Figures 6, 7, and 15. From Fig-
ures 10 and 11, it can be found that along the radial direc-
tion, the downflowing particle velocities have no apparent
variation with operating conditions and spatial positions, and
most measurements fall into the range of —0.8 to —1.2 m/s.
This velocity range was consistent with the mean descending
cluster velocities (0.5-2.0 m/s) reported by Bader et al.,>
Hartge et al.,* and Noymer and Glicksman.>® This suggested
that in the high-density gas-solid suspension, the downflow-
ing particles were in a segregated form with a similar falling
velocity. Clearly, more experimental work was needed to
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Figure 12. Time fraction of upflowing particle velocity
atZ =22m.

provide a wider range of data basis, before a more compre-
hensive explanation can be offered.

Figure 12 showed the time fraction of upflowing particle
velocity, f;, up» along the radial direction at different operating
conditions. f,up = Npup/Ni, where N, ., was the number of
upflowing particle velocities measured during the sampling
time, and N, was the total number of velocity data obtained.
For all operating conditions, f, ., was larger than 50% across
the entire section but decreased gradually towards the wall.
This was understandable given the lower solids concentration
in the central region and higher concentration near the wall.
Increasing G, and/or U, increased f;, ,p,, especially in the cen-
ter region. This statistical analysis indicated that the upward
movements of solids dominated the net solids flow direction
throughout the whole cross-section of the column.

Figure 13 plotted the time fraction of upflowing particle
velocity, f,up. against the corresponding time mean solids
concentration, &. The data were collected form all four oper-
ating conditions and at all measuring positions. The results
gave a good connection between the local solids concentra-
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Figure 13. Relationship between the time fraction of

upflowing particle velocity and solids con-
centrations.
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Figure 14. Radial solids flux profile in C-TFB.

tion and the particle velocity. As shown, f, ., decreased
monotonously with increasing &. For the same &, foup, Was
similar, regardless of the operating conditions and spatial
positions. The result indicated that at least for the high-
density gas-solid flow, there appeared to be a good correla-
tion between the time fraction of particle velocity and the
mean solids concentration.

Local solids flux

Radial distribution of reduced solids flux (local solids flux,
calculated from the corresponding solids concentrations and
velocities, divided by the over mean flux of the entire sys-
tem) was shown in Figure 14.

Results showed that solids backmixing phenomenon,
which was obvious in both turbulent fluidized bed and circu-
lating fluidized bed, was greatly reduced for C-TFB as
reflected by the fact that the net time mean flow was always
positive at all radial positions, except at the middle axial sec-
tion (Z = 1.5 and 2.2 m), where negligible downflowing par-
ticles were observed at the near wall region at the low solids
circulation rates (G5 = 50 kg/m2 s). And the maximum solids
flux occurred somewhere midway between the axis of the
column and the wall. This result suggested that high G
might provide some momentum to support the particles to
move upwards and the increased particle concentration
resulted in a higher effective viscosity of the rising suspen-
sion, thereby imposing more shears on the descending par-
ticles.'"® High solids concentration would also increase the
inter-particle collision, which could reduce the tendency for
the solids downflow. The lack of net solids back-mixing was
one of main advantages of the C-TFB, which may lead to a
reduction in the extent of axial dispersion of gas carried by
the downflowing particles.*®
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Figure 15. Flow comparison between C-TFB, CFB, and
TFB.

Comparison with TFB and bottom dense region
of CFB riser

The flow structure comparison between the C-TFB, turbu-
lent fluidized bed (TFB) and the “conventional” or “regular”
circulating fluidized bed (CFB) in the viewpoint of radial sol-
ids distribution was displayed in Figure 15. Operating condi-
tions in the three fluidization systems were summarized in
Table 4.

The comparison showed that the radial solids distribution
in the C-TFB became much more uniform than that in the
CFB, and closer to that of a conventional TFB. Although
there was still an obvious radial gradient in solids concentra-
tion distribution in C-TFB, the variation was continuous,
rather than exhibiting a sharply demarcated ‘core-annulus’
flow structure observed in the CFB. Previous studies showed
that even in high density and/or high flux CFB risers'”?!
there still existed a definite dilute core region surrounded by
dense region adjacent to the riser wall. The low gas velocity

Table 4. Operating Conditions and Geometry

Geometry (m) Operating Conditions

C-TFB  id. =0.102,Z=08 U, = 1mfs G, = 150 kg/m* s
TFB id =0.102,Z=08 U,=1m/s, G, = 10kg/m’s
CFB id. =0076,Z =08 U, = 8m/s, G, = 400 kg/m’ s
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Table 5. Key Features of Some Fluidized Beds for Group A Particles

Typical U, (m/s)

Typical &(-)

Key Flow Features

Circulating fluidized beds >3

High density circulating >6 (refer to Grace®)

fluidized beds
Turbulent fluidized beds ~0.5-1.5

Circulating turbulent ~1-3
fluidized beds

~0.03-0.10

~0.10-0.20

~0.25-0.35

~0.20-0.30

e Nonuniform axial flow structure with a dense
region at the bottom and a dilute region at the top;
e Core-annulus flow structures, with solids
movingly mostly downwards at wall.
e No net downflow of particles at the wall;
e Axial profiles of solids concentration become relatively even;
e Considerable radial solids concentration gradient,
dilute interior with a denser ring at wall.
e No clear continuous dilute or dense phase, vigorous
gas-solid contacting;
e Significant gas/solids back-mixing.
e Nearly homogenous axial flow structure with high solids
concentration maintained through the whole fluidized bed;
e No net downflow of solids over the whole fluidized bed;
e Smooth increase of solids concentration with radial
position with no clear boundary.

and high solids flow rate conditions in the C-TFB greatly
reduced the solids radial segregation phenomenon, which
was encountered in conventional high velocity CFBs. The
solids concentration in C-TFB was very similar to that in
TFB, but with the high solids circulation rates in the C-TFB,
the fluctuations were lower especially in the central region.
This could be interpreted by the fact that the high solids cir-
culation rate greatly reduced the serious solids inner-recycle
in TFB, and consequently reduced the fluctuations in solids
concentration. Key flow features of fluidized beds including
fast fluidized bed, high-density CFB, TFB, and the C-TFB
were summarized in Table 5. It was notable that the C-TFB
has similarities and differences to both TFB and high density
CFB. A more detailed comparison will be provided in a
future publication.

General Discussions

CFB have been widely used in various industrial applica-
tions. Despite many advantages like high throughput per unit
reactor volume and improved gas-solid interaction, the over-
all gas-solids contacting efficiency and the state of axial and
radial gas and solids mixing quality in CFBs were not always
optimal. A conceptual novel C-TFB was established to inte-
grate the advantages of both circulating and TFBs. Prelimi-
nary investigation in the C-TFB has been conducted to study
the overall flow behavior and indicated a promising way to
get an attractive new reactor with an ideal environment for
rapid heat and mass transfer and good mixing of solids
which could lead to a maximum conversion rate per unit vol-
ume. Experimental results have revealed that the C-TFB, fea-
tured by high solids holdups and high G, offered the follow-
ing more favorable reactor conditions over the conventional
circulating and TFBs: (i) recycling of solids, while maintain-
ing a high solids hold-up and intense gas-solids mixing, (ii)
no net downflow of solids over the whole section of the C-
TFB, (iii) nearly homogenous axial flow structure and
enforced homogeneity of suspension in radial direction, and
(iv) high degree of operating flexibility. Three factors initi-
ated the C-TFB: (1) pressure differences resulted from the
addition of secondary air supply and a quick discharging sec-
tion with enlarged cross-sectional area; (2) sufficient solids
inventory in downcomer to provide pressure head; (3)
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increased lift forces generated by high-dense upflowing sus-
pension.

Promising application of the C-TFB is fast (but not super
fast) reactions involving both gas and solids phases, espe-
cially in which a high degree of conversion of the gas phase
is required, and the gas-solids contacting efficiency is crucial.
Although, current experimental results have given valuable
information on this fully high-density flow conditions, it is
far away for researcher to develop a theoretical model to
describe this new process. Further investigation is required to
fully understand the implications of the results and to com-
prehend the advantages of the C-TFBs. Especially, more
work is required to test this system in wider operating condi-
tions and study the effects of other design parameters, such
as bed geometry and particle properties, on the hydrody-
namic behaviors. It is of importance to detail the dynamic
structure of each phase and the dispersion of gas and solids
into two phases so as to quantify the actual mass transfer in
the C-TFB. Gas and solids phase residence time distribution
measurements are also essential.

Optimization of this fluidization system based on detailed
mechanisms is necessary before practical applications. Even
better performance could be expected from the C-TFB with
more optimum mechanical design and operating conditions.
The successful development of this new gas-solids fluidized
bed also reveals that there is still potential for further devel-
opment to improve the performance of fluidized bed reactors.

Conclusions

In this article, a novel C-TFB has been presented. The pur-
pose of this new design was to integrate the advantages of
both circulating fluidized bed riser and turbulent fluidized
bed. Hydrodynamic characteristics of the C-TFB including
differential pressure, solids concentration, velocity and flux
distribution have been evaluated in a cold-flow set-up with
low gas velocity (U, = 1-2 m/s) and high solids flow rate
Gy = 50-150 kg/m2 s). The success of the C-TFB was
clearly observed from the experimental results. Solids sus-
pension having solids volume concentrations around 0.25—
0.30 could be maintained throughout the entire C-TFB. The
C-TFB exhibited an almost homogeneous axial flow structure
with no net downflow of solids across the whole section
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under all operating conditions. Analyses of the probability
distribution of solids concentration at all radial positions
indicated a better gas-solids contacting than conventional
CFB reactors. The solid flow properties in the C-TFB were
also compared with that of CFB and TFB, showing that the
C-TFB possessed the flow properties of both high-density
CFBs and TFBs.

Notation

fo.up = time fraction of upflowing particle velocity
G, = solids circulation rate measured by butterfly valve, kg/m” s

Es‘ L ([) = local time-mean solids flux, kg/m2 S

Vo

G¥ = calculated solids circulation rate, kg/m2 S
r =radial distance from column axis, m
R = radius of column, m
U, = superficial velocity of gas in bed, m/s
Vp.up = upflowing particle velocity, m/s
down — downflowing particle velocity, m/s
Z =height above gas distributor, m

Greek letters

pp = particle density, kg/m®
& = solids volume concentration
g, = cross-sectional averaged solids volume concentration

¢ = standard deviation
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