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Abstract−Two-interconnected fluidized bed systems are widely used in various processes such as Fisher-Tropsch,
hot gas desulfurization, CO2 capture-regeneration with dry sorbent, chemical-looping combustion, sorption-enhanced
steam methane reforming, chemical-looping hydrogen generation system, and so on. However, conventional two-in-
terconnected fluidized bed systems are very complex, large, and difficult to operate because most of these systems re-
quire a riser and/or pneumatic transport line for solid conveying and loopseals or seal-pots for gas sealing, recirculation
of solids to the riser, and maintaining of pressure balance. To solve these problems, a novel two-interconnected fluidized
bed system has been developed. This system has two bubbling beds, solid injection nozzles, solid conveying lines,
and downcomers. In this study, the effects of operating variables on solid circulation rate and gas leakage between two
beds have been investigated in a cold mode two-interconnected fluidized bed system. The solid circulation rate increased
as the hole diameter on the injection nozzle, the diameter of the injection nozzle, the solid height above the holes, and
the number of holes on the injection nozzle increased. The gas leakage between the beds was negligible. Moreover,
long-term operation of continuous solid circulation up to 60 hours was performed to check the feasibility of stable op-
eration. The pressure drop profiles in the system loop were maintained steadily and solid circulation was smooth and
stable.
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INTRODUCTION

Two interconnected fluidized bed systems are widely used in var-
ious processes to accomplish simultaneous dual reactions in one
process such as Fisher-Tropsch, hot gas desulfurization, CO2 cap-
ture-regeneration with dry sorbent, chemical-looping combustion,
sorption enhanced steam methane reforming, chemical-looping hy-
drogen generation system, and so on. Most of these processes need
two or more reactors and need non-mechanical valves for solid con-
veying and gas sealing between two reactors such as loopseal, seal
pot, J-valve, L-valve, U-valve, and so on [1]. Fig. 1 shows a con-
ceptual diagram of conventional two interconnected circulating flu-
idized bed systems [2-4]. Fig. 1(a) represents bubbling-bubbling-
transport mode. This mode consists of two bubbling beds, one trans-
port bed, two loopseals and three cyclones. Two bubbling beds are
used as reactors for each reaction and the transport bed is used for
solid conveying. This mode is usually applied when two reactions
are slow and longer contact time between gas and solid is favor-
able. However, this mode is difficult to operate because maintain-
ing the pressure balance for three fluidized beds and loopseals is
difficult, and a back flow of solid is the main problem. Indeed, this
mode requires much solid inventory in loopseals and many gas in-
jection ports, at least five. If one reaction rate is fast enough, the
transport bed can be used for reaction and solid conveying, simul-
taneously, as shown in Fig. 1(b). This mode consists of one bub-
bling bed, one transport bed, two loopseals and two cyclones. One
bubbling bed is used as reactor and the transport bed is used for reac-
tion and solid conveying, simultaneously. In this mode it is also dif-

ficult to maintain the pressure balance for two fluidized beds and
loopseals (or other non-mechanical valves). The main disadvantages
of bubbling-bubbling-transport and bubbling-transport mode are com-
plexity and huge system volume. Actually, these two systems con-
tain four or five vessels containing a gas-solid mixture (two or three
fluidized beds and two loopseals), and therefore, many gas flows
are required and the volume of systems is huge. To solve these
problems, a two bubbling bed mode (Fig. 1(c)) has been proposed,
which consists of two bubbling beds and two cyclones. Two bub-
bling beds are used as reactors for each reaction and gases for each
reaction are switched periodically. This mode is usually applied when
two reactions are slow and longer contact time between gas and solid
is favorable. However, there is pressure shock during gas switch-
ing and this system requires purging to clean each bed before gas
switching. Indeed, this mode is difficult to operate when two reac-
tions take place at different temperatures.

In this study, a novel two interconnected fluidized bed system
has been developed. The compact two-bed system has two bub-
bling beds, solid injection nozzles, solid conveying lines, and down-
comers. With this system, the effects of operating variables on solid
circulation rate and gas leakage between two beds have been in-
vestigated and long-term operation of continuous solid circulation
up to 60 hours has been performed to check the feasibility of stable
operation.

EXPERIMENTAL SECTION

The solid circulation rate measurements, gas leakage tests, and
long-term operation test were carried out in a two bubbling bed in-
terconnected circulating fluidized bed system. A schematic of the
system is shown in Fig. 2. The major components consist of ple-
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nums, bubbling beds, solid injection nozzles, risers, cyclones, and
downcomers. The bubbling bed above the plenum is 0.8 m high
with an internal diameter of 0.15 m, and the dimensions of two bub-
bling beds are exactly same. The inside diameters of riser and down-
comer are 0.016 m. The solid injection nozzle is 0.9 m high and
the holes on the solid injection nozzles are located 0.05 m above
the gas distributor. The downcomer is connected with the vortex

finder of the cyclone and the end of the downcomer is located 0.03
m above the gas distributor. Two cyclones have standard propor-
tions with an internal diameter of 0.055 m. The particles are sharp
sand with a density of 2575 kg/m3 and an average size of 0.159
mm (106-212µm). The fluidizing gas was air except for gas leak-
age tests, and all experiments were performed at room temperature.
The fluidizing gases (Q1, Q2) were added in the bottom of the bub-
bling fluidized beds through perforated plates which have 25 holes
with a diameter of 1 mm. The gases for solid injection (Q3, Q4) were
added in the bottom of the bubbling fluidized bed through the solid
injection nozzles. The gases going to the plenums and solid injec-
tion nozzles were controlled by four mass flow controllers. The gas
flow rate to the plenum (for fluidization) and the solid injection
nozzle, inside diameter of the solid injection nozzle, the number of
holes on the solid injection nozzle, solid height above the holes
were considered as the experimental variables.

The solid circulation rate was measured by particle weight meas-
urement technique [5]. At the steady-state condition, we diverted
solid flow from the downcomer to the solid hopper by using a di-
verter. After capturing of the solids, the solid circulation rate was
calculated based on the weight of solids and time.

For gas leakage measurements a tracer gas method was used [6,7].
The CO2 was replaced with air, and the concentration of CO2 in the
gases from four ports (P1, P2, P3, P4 in Fig. 2) was measured by
on-line gas analyzer. Solving the mass balances of the CO2 yields
the leakage flow between the beds and nozzles. The leakage is de-
fined as the fraction of gas added to the each gas adding point. The
leakages measured at four measuring points indicate different gas
leakage. The leakages measured at P1, P2, P3, P4 indicate gas mix-
ing between Q1 and Q3 in the left bubbling bed, (Q1+Q3) and (Q2+
Q4) in the cyclone and downcomer, Q2 and Q4 in the right bub-
bling bed, and (Q2+A4) and (Q1+Q3) in the cyclone and down-
comer, respectively.

RESULTS AND DISCUSSION

1. Minimum Fluidization Velocity
To determine gas flow rate through two bubbling fluidized beds,

Fig. 1. Schematic of conventional two interconnected circulating fluidized bed system.

Fig. 2. Schematic of a two bubbling bed interconnected circulat-
ing fluidized bed system.
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the minimum fluidization velocity was determined by bed pressure
drop measurement [8]. Fig. 3 shows the trend of bed pressure drop
versus gas velocity in the bed. The minimum fluidization velocity
was 0.018 m/s for sharp sand.
2. Solid Circulation Rate

Fig. 4 shows the effects of gas velocities through the solid in-
jection nozzles in the left and right bubbling fluidized beds (U3, U4),
fluidizing velocity in the left and right bubbling fluidized beds (U1,
U2), and the number of holes on the solid injection nozzle on solid
circulation rate from left to right bed. The measured solid circula-
tion rate increased as the gas velocity through the solid injection
nozzle increased. However, at high gas velocity the solid circulation
rates were maintained at almost constant values because the solid
intake through holes on the solid injection nozzle reached the max-

imum value. At the same U3, the change of fluidizing velocities (U1,
U2) does not affect solid circulation rate, and this result indicates
that the gas velocity through the solid injection nozzle (U3 or U4) is
the main parameter to control the solid circulation rate. Moreover,
gas velocity through the injection nozzle in the right bed does not
affect the solid circulation rate from the left bed (compare ● and
○, ■ and □, ◆ and ◇ in Fig. 4). Fig. 4 also indicates that in-
creasing the number of holes on the solid injection nozzle gives a

Fig. 3. Bed pressure drop versus gas velocity for sharp sand.

Fig. 5. Solid circulation rate versus gas velocity through the solid
injection nozzle at different conditions (injection nozzle dia-
meter: 0.0075 m, hole diameter: 4 mm).

Fig. 4. Solid circulation rate versus gas velocity through the solid
injection nozzle at different conditions (injection nozzle di-
ameter: 0.0037 m, hole diameter: 2 mm, solid height: 0.2 m).

Fig. 6. Solid circulation rate versus gas velocity through the solid
injection nozzle at different conditions (injection nozzle di-
ameter: 0.0104 m, hole diameter: 6 mm).
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higher solid circulation rate at the same condition.
Fig. 5 shows the effects of gas velocity through the solid injection

nozzle, solid height (Hbed), and the number of holes on the solid in-
jection nozzle on the solid circulation rate. The measured solid cir-
culation rate increased as the gas velocity through the solid injec-
tion nozzle increased. Moreover, at the same condition, the solid
circulation rate increased as the number of holes increased and solid
height above holes increased.

Fig. 6 shows the effects of gas velocity through the solid injection
nozzle, solid height (Hbed), and the number of holes on the solid in-
jection nozzle on the solid circulation rate. The measured solid cir-
culation rate increased as the gas velocity through the solid injec-
tion nozzle, the number of holes, and the solid height above holes
increased, consistent with Fig. 5. Comparison of Fig. 4, 5, and 6 in-
dicates that the solid circulation rate increased as the diameter of
the solid injection nozzle increased and as the hole diameter increased.
Moreover, we can control the solid circulation rate in a wide range
from 0 to 60 g/s.
3. Gas Leakage

In order to investigate the leakage from the hole on the solid in-
jection nozzle to the bubbling fluidized bed, CO2 gas was added as
the tracer gas to the solid injection nozzle in the left fluidized bed.
The detailed experimental conditions are provided in Table 1. Fig. 7
shows the measured CO2 concentration in four ports. As explained
in the experimental section, the leakages measured at P1, P2, P3,
P4 indicate gas mixing between Q1 and Q3 in the left bubbling bed,
(Q1+Q3) and (Q2+Q4) in the cyclone and downcomer, Q2 and
Q4 in the right bubbling bed, and (Q2+Q4) and (Q1+Q3) in the
cyclone and downcomer, respectively. In Fig. 7(a), the measured
CO2 concentration at P2 increased as the CO2 flow rate in the solid
injection nozzle increased, because of gas mixing between air from
the bubbling bed and CO2 from solid injection nozzle, as expected.
However, the measured CO2 concentration at P1 shows different
results with gas velocity in the solid injection nozzle. At relatively
low gas velocity, solid flow through the solid injection nozzle was

unstable and CO2 was detected at P2, but at higher gas velocity, solid
flow through the solid injection nozzle was stable and CO2 was not
detected at all. These results indicate that we can avoid gas leakage
from the holes on the solid injection nozzle to bubbling fluidized
bed by using this system during steady-state operation. Fig. 7(b) in-
dicates that there is no gas mixing between the two bubbling fluid-
ized beds.

As the second test, we fed CO2 not only through the solid injec-
tion nozzle but also through the bubbling fluidized bed to check
gas mixing between two bubbling fluidized beds. The detailed ex-
perimental conditions are also provided in Table 1 (see test No. 2).
The measured CO2 concentrations at P1, P2, P3, P4 were 100, 100,
0.3, 0.5%, respectively. This result indicates that the gas leakage
between two bubbling fluidized beds is negligible. Consequently, the
gas leakage from the solid injection nozzle to the bubbling fluidized
bed and between two fluidized beds can be avoided by using this
system.
4. Long-term Operation

To check the feasibility of stable operation of the developed sys-
tem, long-term operation with minimum adjustment of operating
variables was performed. A long-term operation test was conducted
in the same facility, and the dimensions of the injection nozzles and
holes were the same as used in the gas leakage tests. Solid height
above the holes was 0.5 m for both beds. Air velocities through the
bubbling fluidized bed were set at 0.07 m/s, and air velocities through
the solid injection nozzles were set at 1.5 m/s at first. Fig. 8 shows
traces of gas flow rates and pressure drop profiles in the left bed,
right bed, left bed downcomer, right bed downcomer, and the pres-
sure difference between two beds. We adjusted the gas flow rate
through the solid injection nozzle to maintain solid heights in both
bubbling fluidized beds, and adjustment was required only three
times during 60 hours operation. The pressure drop profiles in the left

 Table 1. Experimental conditions for gas leakage tests

Test
no. Variable Value

1 Injection nozzle diameter (left) 0.0075 m
Hole diameter (left) 4 mm
Number of holes (left) 4 ea
Injection nozzle diameter (right) 0.0075 m
Hole diameter (right) 6 mm
Number of holes (right) 2 ea
Solid height 0.5 m
Q1 Air, 0.072 m/s
Q2 Air, 0.072 m/s
Q3 CO2, change
Q4 Air, 2.68 m/s

2 At the same condition of injection nozzle, hole and solid height,
Q1 CO2, 0.072 m/s
Q2 Air, 0.072 m/s
Q3 CO2, 2.9 m/s
Q4 Air, 2.9 m/s

Fig. 7. CO2 concentration versus gas velocity through the solid in-
jection nozzle at different measuring points (Test no. 1).
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bed, right bed, left bed downcomer, right bed downcomer, and pres-
sure difference between two beds were maintained steadily throug-
hout operating hours. It is evident from these results that the solid
circulation between the two bubbling fluidized beds was smooth
and stable. Moreover, Fig. 8 also indicates that the new system is
very easy to operate for long-term with minimum adjustment of
operating conditions.

CONCLUSIONS

A novel two-interconnected fluidized bed system which has two
bubbling beds, solid injection nozzles, solid conveying lines, and
downcomers has been developed. In this system, the effects of operat-
ing variables on solid circulation rates and gas leakage between two
beds were investigated in a cold mode two-interconnected fluid-
ized bed system. The solid circulation rate increased as the hole di-

ameter on the injection nozzle, the diameter of the injection nozzle,
the solid height above the holes, and the number of holes on the
injection nozzle increased. The gas leakage between the beds was
measured by CO2 tracer gas methods. The results indicated that gas
leakage between two beds was negligible and there was no need to
supply inert gas to prevent gas leakage. Moreover, long-term oper-
ation of continuous solid circulation was performed to check the
feasibility of stable operation. The pressure drop profiles in the sys-
tem loop were maintained steadily throughout a 60 hour run and
the solid circulation between two reactors was smooth and stable
with minimum adjustment of operating variables.
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