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Introduction

Circulating fluidized bed (CFB) technology was first
developed for the fluid catalytic cracking of crude oil in the
1940s, which is mainly characterized by circulating the sol-
ids between two adjacent fluidized vessels. Based on the
CFB technology, dual fluidized bed gasification (DFBG)
was proposed in the 1980s, but it received renewed interest

in recent years as a high efficiency solids fuel gasification
process for the production of high-quality syngas.1 In an
autothermal DFBG system, heat transfer from the exother-
mal fluidized bed combustor to the endothermal fluidized
bed pyrolyzer/gasifier, especially for pure steam gasification,
relies on rapid and large solids circulation between the two
vessels. A higher solids circulation rate, Gs, allows small
temperature difference between the two reactors, thus mak-
ing the operation and control of the DFBG system much
easier. Transport bed gasification (TBG) is another newly
developed thermochemical conversion method based on the
CFB technology.2 The TBG process has the advantages of
low tar evolution, modest reaction temperature, and high
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fuel adaptability and throughputs. The implementation of
these merits, however, is premised by excellent gas–solids
and solids–solids contact in the transport bed gasifier, thereby
also requiring high solids circulation rates in the TBG system.

When a riser operates in the fast fluidization and dense

suspension upward flow regime, the solids circulation rate

(Gs) is mainly determined by the pressure balance between

the riser and the returning loop.3 In this case, the maximal

Gs achievable in the riser can be increased by minimizing

the pressure loss across the solids feed control valve or

maximizing the pressure head from the returning loop.

Adopting a screw feeder instead of the nonmechanical seal

valve in the CFB system seems to be an efficient way to

increase the Gs, but it is not suitable for scaling up of high-

temperature processes such as the DFBG and TBG systems.

Pugsley et al.4 developed a novel nonmechanical solids

feeder to realize high solids fluxes in the riser, whereas their

design involved replacing the traditional standpipe and L-

valve with the complex combination of an aerated annular

bed and a radial gas distributor for the riser. Coupling a sec-

ondary riser with a large cross-sectional area3 or another

downer-riser system5 to the CFB riser was reported to be fea-

sible to increase the solids flux in the first riser; however,

both the methods dramatically increase the complexity of the

whole system.
In a traditional CFB shown in Figure 1a, the largest pres-

sure drop, DPtra, realizable in the returning loop can be esti-
mated as follows:

DPtra ¼ DPs;tra � DPloop ¼ ðDPI þ DPIIÞ � DPloop: (1)

Because the unavoidable flow resistance DPloop of the loop
seal at the bottom partially counteracts the pressure head
DPs,tra induced by the particle bed in the standpipe and makes
it impossible to be completely converted into the effective
feed driving force, the Gs in the traditional CFB is hardly
greater than about 200 kg/(m2�s).6 Taking this into con-
sideration, the authors proposed an idea of coupling a moving
bed to the riser bottom to elevate the feed driving force of the
returning loop and thereby to increase the solids flux in the
riser. In this new design, a throat-type configuration instead
of the loop seal, as denoted by the short dashed lines in
Figure 1b, was adopted at the bottom of the moving bed to
allow both the accumulation of recycling particles inside the
bed and the introduction of fluidizing gas into the bed. The
loop seal was leveled up above the moving bed to prevent the
backflow of the gas from the moving bed to the standpipe.
The loop seal fluidizing air (Ugu) and the moving bed
aeration air (Ugm) can be introduced into either the bottom
section of the riser as marked by the long dashed lines in
Figure 1b or the downstream line as the product gas in the
actual DFBG system. As shown in Figure 1b, the greatest
pressure drop DPnew achievable in the returning loop of the
new CFB reconfigured according to the aforementioned idea
can be expressed as follows:

DPnew ¼ ðDPs;new � DPloopÞ þ ðDPm � DPthroatÞ
¼ ðDPI � DPloopÞ þ ðDPm � DPthroatÞ: ð2Þ

Thus, a possible much greater pressure head DPm from the
moving bed in the newly configured CFB than the DPII from
the bottom section of the standpipe in the traditional CFB may
be directly exerted on the gas–solids flow inside the riser,
because the extra flow resistance DPthroat induced by the
throat-type exit of the moving bed is expected to be rather
small. Therefore, the largest effective feed driving force DPnew

available in the returning loop of the newly configured CFB
may be much greater than the DPtra in the traditional CFB.

This short communication aims to discuss the buildup of
high solids fluxes in the new CFB reconfigured according to
the aforementioned novel idea. Comparing the experimental
data from the newly configured CFB with those from two
simulated traditional CFBs as well as the calculation results
from a well-known correlation, the preceding idea and the
involved flow mechanism will be clarified further.

Experimental and Results

Figure 1b shows a sketch of the laboratory-scale CFB
reconfigured according to the above proposed idea. The
newly configured CFB is made of Plexiglas and mainly con-
sists of a 12.4 m high, 90 mm i.d. riser, a 7.4 m high,
80 mm i.d. standpipe, a 0.35 m � 0.20 m � 0.60 m cuboid-
shaped loop seal, and a 4.4 m high, 120 mm i.d. moving
bed. To simulate the traditional CFB, the throat-type config-
uration was removed in comparative tests to enable the recy-
cling particles to flow through the column rapidly. Under
this condition, the column was used only as a part of a com-
mon standpipe and the modified CFB was actually operated
in a simulated traditional CFB mode. This modified bed con-
figuration will be denoted as simulated traditional CFB I in
the following text. To further clarify the effect of the
coupled moving bed, as shown in Figure 1c, the whole mov-
ing bed was replaced completely with a Plaxiglas column
connecting the loop seal exit directly to another return point
of the riser at a height of about 3.2 m above the gas distribu-
tor. Thus, the only difference of this new CFB from the

Figure 1. Principle of the proposed idea and different
bed configurations.

(a) Traditional CFB; (b) newly configured CFB/simulated
traditional CFB I; (c) simulated traditional CFB II.
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traditional CFB, shown in Figure 1a, is that the effective
height of the riser was shortened to about 9.2 m. This low-
ered CFB will be called as simulated traditional CFB II in
this study.

A type of silica sand particles of Geldart B characterized
in Table 1 was used as the fluidizing material. The fluidizing
medium is compressed air at room temperature. Local pres-
sures at the columns were measured by pressure transducers,
and the signals were sampled by a personal computer.
Although using a switch valve on the standpipe of a CFB to
collect some quantity of recycling particles in a time interval
was suggested to be the most accurate method for the mea-
surement of Gs,

7 another standpipe has to be involved for
the collection of the particles in this method, which also
induces possible difficulty in reintroducing the collected par-
ticles into the CFB with continuous operation. A relatively
easy and widely adopted method for the measurement of Gs

is the use of a butterfly valve fixed at the standpipe, as
shown in Figures 1b,c. However, in this study, to ensure the
accuracy of the measurement from the butterfly valve, a cali-
bration program was conducted in advance by taking the
measurement results from the switch valve as references.
The loop seal aeration gas velocity Ugd in the downflow side
of the seal valve was kept at zero in all experimental runs,
because the amount of the loop seal fluidizing air (Ugu) leak-
ing into the standpipe was large enough to maintain the par-
ticles flowing from the downflow side to the upflow side of
the seal valve.

Using a kind of silica sand similar to that characterized in
Table 1, IHI (Japan) conducted the measurement of Gs in a
CFB configured with traditional structure.8 Figure 2 shows
that the experimental data from IHI agree well with the pre-
diction of the equation of Bi and Fan.9 The measured Gs

increases with increasing superficial gas velocity, Ugp, in the
riser, but at Ugp ¼ 10 m/s, the Gs realized in this traditional
CFB is only about 100 kg/(m2�s). This phenomenon, on one
hand, indicates that the equation of Bi and Fan9 is a power-
ful predictor for the saturation carrying capacity.7 On the
other hand, it is also implied that a high solids flux may be
difficult to realize in the traditional CFBs.

The experimental data from the two simulated traditional
CFBs in this study further consolidate the aforementioned
deduction. As shown in Figure 2, although the bottom bed
diameter of 120 mm and the riser height of 12.4 m in the
simulated traditional CFB I differ from the standpipe diame-
ter of 80 mm and the effective riser height of 9.2 m in the
simulated traditional CFB II, respectively, at the same solids
inventory Im ¼ 130 kg, the solids circulation rates measured
in the two simulated traditional CFBs agree well with each
other, showing that these two factors have little effect on the
Gs at the same solids inventory in this study. At a given
Ugp, even if both the simulated traditional CFBs were oper-
ated in a state beyond the point of the saturation carrying
capacity, the maximal Gs realizable in the two CFBs is still

not more than about 240 kg/(m2 s). However, in the newly
configured CFB, the achievable Gs at the specified Ugp is
much greater than those in the two simulated traditional
CFBs. The Gs realized at the Ugp of about 9.6 m/s in the
newly configured CFB is as high as around 370 kg/(m2�s),
indicating that the newly configured CFB was truly operated
in a high solids flux mode. Because at the fixed solids inven-
tory, the variations of both the returning loop diameter and
the effective riser height within the tested range were found
to have less effect on the Gs in the riser, the increased Gs in
the newly configured CFB when compared with those in
both the two simulated traditional CFBs can only be attrib-
uted to the coupling of the moving bed in the bottom section
of the riser.

In fact, the Gs realizable in the riser of a CFB is most
closely influenced only by the pressure head from the stand-
pipe rather than the standpipe height.10 Because the stand-
pipe top in the three different CFBs was connected into an
induced fan, the local pressure was kept nearly constant in
this study. So, the local pressure Pbottom at the bottom of the
returning loop, as shown in Figures 1b,c, can be taken as a
fair index to the feed driving force of the returning loop in
the three-bed configurations. The higher the local pressure
Pbottom, the greater is the feed driving force. The experimen-
tal data, exemplified in Figure 3, show that all solids circula-
tion rates measured in the three-bed configurations are sub-
ject to a similar correlation with the Pbottom and the Gs

increases proportionally with increasing Pbottom, demonstrat-
ing that the Gs is surely determined by the feed pressure
head of the returning loop in the CFBs.

Compared with the two simulated traditional CFBs, the
newly configured CFB provides the maximal pressure head
from the returning loop under the same operating conditions,
as shown in Figure 3. This is because, on one hand, the
moving bed in the newly configured CFB enables the gener-
ation of greater pressure head than the standpipe of the same
size in the two simulated traditional CFBs. On the other
hand, as shown in Figure 4, the throat-type configuration
gives rise to an extra flow resistance DPthroat, but the

Table 1. Properties of Fluidizing Particles

dp (lm) qs (kg/m
3) qb (kg/m

3) Umf (m/s) Ut (m/s)

378 2600 1470 0.11 2.82

Figure 2. Variation of solids circulation rate, Gs, with
superficial gas velocity, Ugp.
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resultant resistance of lower than about 2.5 kPa for the tested
range of Gs is almost negligible when compared with the
flow resistance DPloop of around 5.0–18.0 kPa from the loop
seal. Leveling up the loop seal above the moving bed in the
newly configured CFB does not avoid or decrease the flow
resistance from the loop seal, but makes it possible to almost
completely convert the raised pressure head from the moving
bed into the effective feed driving force by replacing the
loop seal with the low-flow-resistance throat-type configura-
tion. Therefore, as shown in Figure 3, about a twice increase
of the Pbottom in the newly configured CFB correspondingly
raises the Gs up to around twice that achievable in the two
simulated traditional CFBs under similar operating condi-

tions. This reveals the necessity and feasibility of integrating
the moving bed into the bottom section of the riser to realize
the desired high solids flux concurrent conveying flow.

Conclusions

Coupling a moving bed with a throat-type exit at the riser
bottom and elevating the loop seal to above the moving bed
in a CFB is feasible to increase the feed driving force of the
returning loop and thus to realize high solids flux concurrent
conveying flow inside the riser. For the silica sand particles
of 378 lm in Sauter mean diameter, solids circulation rates
of up to 370 kg/(m2�s) in the riser are readily achieved at su-
perficial gas velocities of about 9.6 m/s in the new CFB
reconfigured according to the proposed idea.

Acknowledgments

The Chinese authors are grateful for the financial support from the
National 863 Project under the number 2006AA05A103 and the NSFC
Projects under the numbers 20606034 and 20776144. The authors are
grateful to Professor Xiaotao Bi for his valuable discussions.

Notation

As ¼ cross-sectional area of bottom opening of the loop seal, m2

dp ¼ particle diameter, lm
Gs ¼ solids circulation rate, kg/(m2�s)
Im ¼ solids inventory, kg

Pbottom ¼ pressure at the bottom of the returning loop, kPa
Ugd ¼ aeration gas velocity in the downflow side of the loop seal,

m/s
Ugm ¼ moving bed aeration gas velocity, m/s
Ugp ¼ superficial gas velocity in the riser, m/s
Ugu ¼ fluidizing gas velocity in the upflow side of the loop seal,

m/s
Umf ¼ minimum fluidization velocity of silica sand particles, m/s
Ut ¼ terminal velocity of silica sand particles, m/s

DPI, DPII ¼ pressure drop across the column, kPa
DPloop ¼ pressure drop across the loop seal, kPa
DPm ¼ pressure drop across the moving bed, kPa

DPnew ¼ maxima pressure drop across the returning loop of the
newly configured CFB, kPa

DPs,new ¼ pressure drop across the standpipe of the newly configured
CFB, kPa

DPs,tra ¼ pressure drop across the standpipe of the traditional CFB,
kPa

DPthroat ¼ pressure drop across the throat-type exit of the moving bed,
kPa

DPtra ¼ maxima pressure drop across the returning loop of the
traditional CFB, kPa

qb ¼ bulk density of silica sand, kg/m3

qs ¼ real density of silica sand, kg/m3
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