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Abstract

The effects of gas distributor, draft tube height, gas velocity and gap height on the circulation rate of solids and gas bypassing between the
draft tube and annulus sections have been determined in a circulating fluidized bed (internal diameter, 0.3 m; height, 2.5 m) with a draft tube
(internal diameter, 0.1 m). Gas bypassing strongly depends on the type of gas distributor used for annulus aeration. Gas bypassing from the
draft tube to the annulus decreases with increasing draft tube height. The circulation rate of solids is enhanced by gas bypassing from the
annulus to the draft tube section regardless of the distributor type. A conical plate distributor with tuyeres is found to be the most suitable
configuration for the circulation of solids in the circulating fluidized bed with a draft tube. The solids circulation rate obtained has been
correlated with the pressure drop across the gap opening and the opening ratio using the orifice equation. © 1997 Elsevier Science S.A.
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1. Introduction

Circulating fluidized beds have been widely used in coal
combustion and gasification and petroleum refining proc-
esses. However, conventional circulating fluidized beds
require a very tall main vessel as a solids riser and an accom-
panying tall cyclone. To reduce the height of conventional
circulating fluidized beds and construction costs, several new
types of circulating fluidized bed, using a draft tube to divide
the bed for internal circulation of solids in a single vessel,
have been developed [ 1-4]. The use of a fluidized bed with
a draft tube for internal circulation of solids, with separate
aeration of the annulus region, may provide more flexible
operation. A schematic diagram of the system is shown in
Fig. 1(a). The particles are always transported upwards in
the draft tube and move downwards in the annulus section.
The gas velocities in the draft tube and annulus sections are
different from the given gas velocities with different gas
distributors due to gas bypassing between the draft tube and
annulus sections. Gas bypassing can be controlled by the inlet
geometry of the draft tube [4]. The circulation rate of solids

* Corresponding author.
! Present address: Department of Chemical Engineering, Kunsan National
University, Kunsan, South Korea.

1385-8947/97/%17.00 © 1997 Elsevier Science S.A. All rights reserved
PIIS1385-8947(97)00061-2

in the bed can be easily controlled by adjusting the gas veloc-
ities to the draft tube and annulus sections independently. In
addition, it has been reported that particle entrainment from
the reactor can be reduced by the addition of a draft tube to
the fluidized bed [5-7]. Thus a consequent increase in the
conversion level can be expected compared with conven-
tional fluidized beds. Therefore, a fluidized bed reactor with
a draft tube may provide a higher thermal efficiency as a coal
gasifier. In such a reactor, gas streams can be fed into the
draft tube and annulus zones, so that the draft tube zone can
be operated as a slugging/turbulent fluidized bed and the
annulus zone as a moving bed at the incipient fluidizing
condition. In addition, circulation of solids within the reactor
provides heat transfer from the combustion to gasification
zones. Therefore the hydrodynamic properties, such as the
circulation rate of solids and gas bypassing must be deter-
mined to provide the necessary information for the design of
a circulating fluidized bed with a draft tube. In this study, the
effects of the gas velocity to the draft tube (fluidized bed)
and annulus (moving bed), distributor type (bubble cap, ring
sparger, conical tuyére), height of the draft tube and gap
height on the circulation rate of solids and gas bypassing have
been determined. In addition, a relationship is developed
between the circulation rate of solids and gas bypassing frac-
tions in the beds.
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Fig. 1. (a) Schematic diagram of an internally circulating fluidized bed; (b) experimental apparatus: 1, pressure regulator; 2, flow meter; 3, air box; 4, gas
distributor; 5, draft tube; 6, thermistor probe; 7, bridge circuit; 8, data acquisition system; 9, personal computer; 10, solenoid valve; 11, timer; 12, hopper; 13,
tracer injection tube; 14, three horizontal bars fixing the draft tube; 15, three steel bolts for vertical movement of the draft tube; 16, cyclone; G, gas sampling

port; P, to pressure transducer and manometer.

2. Experimental details
2.1. Equipment

Experiments were carried out in a Plexiglas column (inter-
nal diameter (i.d.), 0.3 m; height, 2.5 m) with a centrally
located draft tube (i.d., 0.1 m; height, 0.3 or 0.6 m) as shown
in Fig. 1(b). The freeboard region was expanded (i.d., 0.45
m; height, 0.5 m) to reduce particle entrainment. The bed
was loaded with a known weight of sand particles (d,=0.3
mm, p,=2620kgm >, U=0.1ms™"', £,,=0.48) to pro-
vide the initial static bed height, according to the draft tube
height, and fluidized by compressor air through a pressure
regulator, a filter and one of two calibrated gas flow meters.
In the bed, one of two different draft tubes was installed. The
distance or gap height between the distributor plate and the
draft tube inlet was adjusted by varying the height of three
steel bars bolted on the top of the draft tube. Two pressure
taps were mounted flush to the walls of the column and the
draft tube. The pressure taps were connected to differential
pressure transducers which measured the pressure drops
across the fluidized bed, the moving beds and the gap opening
(between the draft tube inlet and the bottom of the annulus).
Atthe bottom of the bed, one of three different gas distributors
was mounted on the distributor box to supply air into the draft
tube and annulus independently. The bubble cap distributor
was used for gas supply to the draft tube. For gas supply 1o
the annulus zone, three different gas distributors were tested
(Fig. 2), namely a flat plate bubble cap distributor containing
12 bubble caps (4 holes X 2.5 mm i.d. in each bubble cap),
a conical plate with an inclined angle of 60° relative to the
horizontal plane with 18 tuyéres (4 holes X 1.5 mm i.d. in
each tuyére) and a double-ring sparger made of 8 mm i.d.
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Fig. 2. Top and side views of the three gas distributors: (a) flat plate bubble
caps; (b) conical plate tuyeres; (c) conical plate ring sparger.

copper tube (22X 1.5 mm i.d.), 50 mm above the bottom of
the draft tube in the annular section, to reduce gas bypassing
from the annulus to the draft tube section; the location of the
latter was somewhat higher than that of the other distributors.
Therefore we can compare the data obtained from the double-
ring sparger qualitatively with those from the other distribu-
tors employed.

2.2. Measurement of gas bypassing

Since a fluidized bed with a draft tube has two gas inlets
and two gas outlets, the amount of bypassed gas flowing into
the annulus and draft tube zones must be determined. A tracer
gas (CO,) was continuously injected into the inlet gas stream
to the draft tube, and gas samples were taken at the draft tube
inlet and at the outlets of the draft tube and annulus sections.
The samples were analyzed using gas chromatography (HP-
5840A). Using the four gas concentrations (the CO, concen-
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tration of the inlet gas to the annulus is equal to zero since no
tracer was injected into the inlet gas stream to the annulus)
and the two inlet gas flow rates, the splitting of the two inlet
gases flowing into the other region can be determined; the
material balance of the two regions in the system is given in
Fig. 3. The bypassing fraction of the inlet gas (f) is defined
as the vol.% of the inlet gas bypassed to the other region; the
bypassing fraction of the inlet gas of the draft tube to the
annulus zone is

fDA=100(QDA/Q1) (hH

where the subscript DA denotes gas bypassing from the draft
tube to the annulus. Assuming that the tracer concentration
of the bypassed gas is identical to that of the corresponding
inlet gas, the four unknown flow rates (Qp, Ga, Opa, Gap)
can be calculated from the mass balances. The total mass
balance for the two regions is

{pe(1—x)) + pex1 }O1 + {p(1 = x2) + px2} Qs
=1{pg(1—xp) +pxp}Op +{pe(1 —Xa) T pXa}Pa  (2)
The CO, mass balance for the two regions is

px1Q) + p Qs = popQp + PXala (3)

where x, =0, since no tracer was injected into the annulus
inlet. From Egs. (2) and (3), Qp and Q4 can be obtained.
The total mass balance for the draft tube region is

Table 1
Ranges of the experimental variables

{Pg( 1 —Xxap) +PXap}Q@apt {Pg(] —x1) +px 1@,
= {Pg( 1 —Xpa) + PXpatOpat {Pg( 1—=xp) + pxp}0p
(4)

where x,p =X, =0 and xp, =x,. The CO, mass balance for
the draft tube region is

PXx2Qap+ px10) = px1Qpa+ pxplp (5)

Therefore Qp, and Q4p can be calculated from Eqgs. (4) and
(5) respectively.

2.3. Measurement of the circulation rate of solids (W,)

The circulation rate of solids was determined by measuring
the particle downward velocity in the moving bed. Heated
bed material was used as a tracer to measure the particle
downward velocity in the moving bed using two thermistor
probes. The probes were installed in the moving bed, 0.30
and 0.34 m above the distributor. A known volume of heated
sand particles (250 °C) was injected pneumatically by
impulse into the annulus section through an L-shaped injec-
tion tube, 0.2 m below the bed surface. When hot sand par-
ticles contacted the probe, a change in resistance of the probe
was converted into voltage through a bridge circuit and ampli-
fied and stored in a personal computer. By measuring the time
lag (T) between the peak-to-peak distance of two sharp sig-
nals, the particle downward velocity can be estimated from
the known distance between the two probes (L) divided by
the time lag (V,=L/7). It was assumed that the measured
particle velocity at the center of the annulus represented the
average bulk velocity in the annulus [8].

The circulation rate of solids can be calculated from the
relation

W,=p(1-2)V, (6)

where p,, &, and V, are the density of solids, bed voidage and
bulk velocity of the particles in the moving bed respectively;
g, was assumed to be the bed voidage at the minimum flui-
dizing condition ( &.). The experimental variables and their
ranges are summarized in Table 1.

Gas distributor for annulus gas supply

Flat bubble cap Ring sparger Conical tuyére
Opening area ratio® 0.30 0.09 0.28
Draft tube height (mm) 300 300 300, 600
Gap height (mm) 65-200 80 80, 140
Static bed height (mm) 365465 380 380, 680, 740
Annulus inlet gas velocity, U,/ U, 0.4-1.6 0.5-1.0 0.5-1.6
Draft tube inlet gas velocity, Uy/ U, 2.6-8.7 8.0-15.6 5.4-20.4

“Ratio of opening area fraction of the distributors to annulus and draft tube.
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Fig. 4. Effect of U, on the gas bypassing fraction (U,/U,=0.7): @, fap; O, fiya.

3. Results and discussion
3.1. Gas bypassing

In a circulating fluidized bed with a draft tube for coal
gasification, steam is introduced into the annulus (moving
bed) and the combustion agent (air) is fed to the draft tube
(fluidized bed). However, if a large amount of air bypasses
into the gasification zone, coal combustion will dominate in
the two reaction zones in a circulating fluidized bed coal
gasifier with a draft tube. Therefore, the cross flow of the
reactant gases should be minimized between the two reaction
zones to obtain the desired product gas quality. Since the inlet
gas pressure at the draft tube is lower than that at the bottom
of the annulus, the inlet gas flow to the annulus will bypass
to the draft tube. Reverse gas bypassing from the draft tube
to the annulus is also possible. If this phenomenon occurs,
the circulation rate of solids will be reduced below the intrin-
sic rate due to the countercurrent flow of the solid and gaseous
phases.

The effect of the inlet gas velocity to the draft tube (U,)
on the bypassing fractions of the inlet gases to the draft tube
and annulus (f,p and f,4) is shown for each gas distributor
in Fig. 4. It was found previously [9], with a flat bubble cap
distributor, that a variation of the gap height (65-80 mm)
has little effect on gas bypassing. Although f.p Increases
rapidly to 50% with increasing U, with a flat bubble cap
distributor, fyp, with a conical tuyere distributor gradually
increases up to 15% at U,/ U,,= 10. This gas bypassing trend
is consistent with that of the pressure drop across the gap
opening (AP,) with increasing U,. With a conical tuyere
distributor, AP, exhibits a maximum value at around U,/
U= 10, whereas A P, increases continuously with Uy with
a flat plate bubble cap distributor. Therefore an increase in
AP, provides easy gas bypassing from the annulus to the
draft tube. The circular ring sparger provides the lowest gas
bypassing (less than 5%}, since the location of the distributor
is 5 cm higher compared with the other distributors employed.
However, when U,/U,, reaches about 14, f, begins to

increase beyond the 5% level. Gas bypassing from the annu-
lus depends on the opening area ratio in the distributors for
the annulus and draft tube sections (Table 1). Thus a small
opening area ratio can reduce gas bypassing from the annulus
to the draft tube. The gas bypassing fractions (fp,) from the
draft tube to the annulus section decrease with increasing Uy
within the 15% level for all types of distributor employed.
The conical tuyére distributor provides the largest f;,, at low
U,, with the largest decreasing rate of f,, with increasing U,,.

To examine the dominant gas bypassing direction as a
function of U, for the three different distributors, the flow
ratio was defined as the volumetric gas flow rate in the draft
tube over that in the annulus. The flow ratios at the inlet
(FR,,=0,/0>) and outlet (FR,,,= O/ Qx) of the bed are
plotted in Fig. 5, where FR,, > FR,, indicates the dominant
gas bypassing direction from the annulus to the draft tube.
As can be seen, gas bypassing from the annulus to the draft
tube dominates at the given gas velocities. The rate of change
of FR,, with respect to FR;, is largest with the flat bubble

in

cap distributor. The dominant gas bypassing direction is
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Fig. 5. The outlet to inlet flow ratio for the three different gas distributors.
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Fig. 6. Effect of U, on the gas bypassing fraction: @, fo; O, fpa.

reversed at a certain flow ratio with the ring sparger and
conical tuyére distributors. FR,,, = FR;, does not mean that
there is no gas bypassing.

The effect of the inlet gas velocity to the annulus (U,) on
the gas bypassing fraction for each gas distributor is shown
in Fig. 6. A qualitative comparison of the gas bypassing
trends of the three gas distributors can be seen in this figure
at different U,/ U, values. As observed in Fig. 4, fap with
the flat bubble cap distributor is larger than that with the
conical tuyére distributor ata given U,/ U,,¢ value. Withlower
U,/ U, (=7.3) values, fap with the flat bubble cap distrib-
utor is still larger than that with the conical tuyere distributor
(Fig. 6). For the ring sparger, smooth circulation of solids
occurs and reproducible bypassing data can be obtained at
Uyg/Upe> 11 The fup values at U,/ U,y=11.5 were chosen
for comparison. A minimum value of f,p is obtained at
0.6 <U,/ U, ;<0.8 with the flat bubble cap and conical tuyére
distributors. Visual observations show that solids in the annu-
lus section are in the fixed bed state and do not circulate at
U,/ Uy <0.6. Since resistance to gas flow through a packed
bed of solids is large, gas fed to the annulus section flows
into the draft tube. At U,/ U,.> 0.6, the solids start to circu-
late to form a moving bed in the annulus section. The free
void space between the moving particles in the annulus may
reduce fop. At U,/U,s>0.8, fop begins to increase with
increasing U, due to increasing solid entrainment from the
bottom of the annulus to the draft tube inlet. As U, is increased
further, solids in the annulus section approach the minimum
fluidization state and circulation becomes faster through the
loop. Since the solids in the annulus section are in the moving
bed state the gas supplied can easily percolate through them
and f,p, decreases. Since the ring sparger for annulus gas
supply is located at a higher level than the other distributors,
solids below the ring sparger are under the minimum fluidi-
zation state. Consequently, circulation of solids does not
increase appreciably, and f, does not increase with increas-
ing U,/ U, above 0.8. In contrast, f,, decreases monotoni-
cally with increasing U, and Uy with the three different
distributors. The largest f,. at low U, is obtained with the

flat bubble cap distributor, and the ring sparger exhibits the
lowest f,. On the basis of the experimental findings, the
conical plate distributor is better than the other two types of
distributor for annulus aeration. The flat bubble cap distrib-
utor produces the largest gas bypassing fraction of the tested
distributors. Although gas bypassing can be reduced with the
circular ring sparger, the flexibility with respect to the
operating gas velocity is limited.

The effects of the inlet gas velocities (U, and U,) on fap
and f;, 5, with the conical tuyere distributor, using two differ-
ent draft tube heights (H,) are shown in Figs. 7 and 8. In
Fig. 7(a), fap increases with increasing U,, whereas in
Fig. 7(b), fpa decreases with increasing Uy, at the given U,/
U s A small variation in U, produces a large increase in fap,
(about 20% at U,/ U= 12). As can be seen in Fig. 8(a),
Sfap exhibits a minimum valve at U,/U,;=0.8 and f,
decreases with increasing U, and U,.
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Fig. 7. Effect of U, on the gas bypassing fraction with the conical tuyére
distributor: (a) fap: (b) fioa-
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The effect of the height of the draft tube (H,) on fup 1s
small, but on f,, is significant. With a variation of H; from
0.3 to 0.6 m, the pressure drop through the annular section
increases due to a corresponding increase in the solids inven-
tory in the annular section. An increase in the pressure drop
across the gap opening (AP,) interferes with the gas flow
from the draft tube to the annulus section and the higher A,
provides a lower f, (Fig. 8(b)). Therefore f,p, can easily
be controlled via the operating gas velocities (U, and U,)
and the draft tube height.

3.2. Circulation rate of solids (W,)

The effect of Uy on W, for each gas distributor is shown in
Fig. 9. W, increases with U, due to the increase in the driving
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Fig. 9. Effect of U/, on W, with the three different gas distributors.

force for the circulation of solids between the two beds with
an increase in bed voidage in the draft tube. However, at
higher Uy, the rate of increase in W, decreases due to the
increase in the backmixing of solids at the draft tube inlet. In
addition, solid cluster formation in the dense phase may
decrease when the jet diameter is larger than the draft tube
diameter at higher U, [10]. The gas bypassing from the
annulus to the draft tube will increase the diameter of the gas
jet from the distributor to the draft tube. Therefore W, should
increase with increasing gas bypassing fraction from the
annulus to the draft tube even at low U,. From Figs. 4 and 9,
it can be readily seen that the differences in W, with each gas
distributor are similar to the differences in f,,. The magni-
tudes of W, and f,, can be ranked as follows: flat bubble
cap > conical tuyeres>ring sparger (location of the ring
sparger is somewhat higher than that of the other
distributors).

The effect of U, on W, is shown in Fig. 10; W, increases
with increasing U, regardless of the distributor type. As can
be seen, the circulation of solids begins to occur at an aeration
velocity of around U,/ U,,=0.5, and W, ata given U, is more
pronounced with the flat bubble cap distributor compared
with the other distributors. This can be related to the gas
bypassing phenomena in Fig. 8. At higher U,, fop, enhances
W,, whereas f,, interferes with the downflow of solids in the
annulus. The rate of increase in W, begins to slow down
at around U,/U,;=12, since the difference in density
between the two beds is reduced with bubble formation in the
annulus section. A similar change in f,, is observed athigher
U,/ Ups

60—

10 |-

0 I I L " L
0.0 0.5 1.0 1.5 2.0

Fig. 10. Effect of U, on W, with the three different gas distributors:

Distributor H, (m) Hy (m) Uyl Ups
[J Conical tuyéres 0.14 0.6 9.0
A Conical tuyeres 0.08 0.6 9.0
A Conical tuyéres 0.08 0.3 9.0
B Flat bubble caps 0.065 0.3 6.0

® Ring sparger 0.08 03 9.9.
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The effects of the draft tube height (H,) and gap height
(H,) on W, at the given gas velocities are shown in Fig. 11
with the conical tuyére distributor. As can be seen, the effect
of Hy (0.3-0.6 m) on W, is small. However, W, increases
significantly with increasing H,. With larger H,, the resis-
tance to the flow of solids from the annulus to the draft tube
will decrease, and a steady increase in W, can be expected.
However, the increase in W, with H, may be limited by gas
bypassing from the draft tube to the annulus. It has been
reported that a start-up problem may occur when H, is t0o
large [11].

The effect of D4/ D, on W, is shown in Fig. 12 (data from
this and previous studies [3,9]). The diameter ratio of the
draft tube (D,) to the main column (D.) may indicate the
capacity of the reactor. As expected, a higher W, can be
obtained by using a larger D4/ D, ratio.

3.3. Prediction of the flow rate of solids

The experimental data clearly indicate that the pressure
drop across the gap opening determines the flow rate of solids
for a given circulating fluidized bed. The flow rates of parti-
cles in the annulus and in the gap opening are related by the
following mass balance

WSSa = WOSO = pO VOSO ( 7 )

The bulk velocity of particles at the opening can be expressed
by Bernoulli’s equation, as suggested by Judd and Dixon
[12]:

2AP,
V= Cyf 2 (8)

]

where C; is the particle discharge coefficient. The bed density
at the opening can be assumed to be equal to that in the
annulus section, t.e. p,= p,.

For non-circular openings and downflowing beds, the
opening ratio is defined as

r=

So_ ( hydraulic diameter of opening )2 o
! d

S, \hydraulic diameter of downflowing be

Substituting Eqgs. (8) and (9) into Eq. (7), the following
equation can be obtained:

2p,AP,
-7

The experimental results show that the variation in the bed
density in the annulus section as a function of the operating
gas velocity is small, with a standard deviation of 12%,
whereas p, is mainly affected by the height of the draft tube.
Therefore, for a given draft tube, the average value of p, is
used in Eq. (10).

The experimental data of W in Fig. 13 were analyzed using
Eq. (10), which produces different values of C, according to

W,=Cyr (10)
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Fig. 13. Correlation for W, based on the orifice-type equation (Eq. (10)):
1.0< U,/ U< 1.56,3< U,/ U, <20.
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the opening ratio: 0.28 for r=0.2 and 0.09 for 0.5 <r<0.6.
It has been shown previously [13] that the effect of the
opening ratio on the circulation rate of solids is not clear
when the opening ratio is larger than 0.7. Coefficients smaller
than 0.1 have frequently been observed in internal circulation
systems [13,14]. The circulation rate of solids can be pre-
dicted as a function of the pressure drop across the gap open-
ing using Eq. (10). The calculated values and C, obtained
are in close agreement with the experimental data of the
present analysis.

4. Conclusions

Gas bypassing from the annulus to the draft tube increases
and reverse gas bypassing from the draft tube to the annulus
decreases with increasing Uy at a constant U, regardless of
the gas distributor type. Gas bypassing from the draft tube
can be reduced significantly by using higher draft tube
heights. It has been found that f,,, exhibits a minimum value
at 0.6 <U,/U,,<0.8. The difference in W, with the three
different gas distributors, follows exactly the trends in f,p,.
On the basis of the gas bypassing and circulation rate of solids
with the present operating variables, the conical tuyére dis-
tributor is found to be the most suitable for a circulating
fluidized bed with a draft tube. The solids circulation rate
data are well represented by the orifice equation and can be
correlated with the pressure drop across the gap opening and
the opening ratio.
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Appendix A. Nomenclature

C, particle discharge coefficient of the opening, -

Dy diameter of draft tube, m

D, diameter of main column, m

d, mean diameter of particle, m

f gas bypassing fraction, vol.% of inlet gas bypasses
to the other region, —

fap gas bypassing fraction from the annulus to the
draft tube, %

Joa gas bypassing fraction from the draft tube to the
annulus, %

FR,, flow ratio at the inlet of the bed, = Q,/Q,
FR,, flow ratio at the outlet of the bed, = Qp/ Q4
H static bed height, m

Hy height of draft tube, m

gap height, m

AP, pressure drop across the gap opening, Pa

0, gas flow rate at the draft tube inlet, m® s~ '
0, gas flow rate at the annulus inlet, m* s ™!
Oa gas flow rate at the annulus outlet, m* s~
Ob gas flow rate at the draft tube outlet, m* s ™'

Oup flow rate of bypassed gas from the annulus to the
draft tube, m* s !

Oba flow rate of bypassed gas from the draft tube to the
annulus, m* s ™!

r opening ratio defined in Eq. (9), -

Sa cross-sectional area of the annulus bed, m?

S, area of the opening, m?

U, superficial inlet gas velocity to the annulus, m s ™"

Uy superficial inlet gas velocity to the draft tube,
ms”'

Ut minimum fluidization gas velocity, m s ™'

v, bulk velocity of particles in the annulus bed,
ms~!

Vs bulk velocity at the opening, m s~

X tracer (CO,) concentration in the gas stream

W, circulation rate of solids per unit area of the
opening, kgm *s™!

W, circulation rate of solids per unit area of the
annulus bed, kgm~>s~!

&, voidage in a downflowing annulus bed, —

Emf voidage at the minimum fluidization condition, -

Pa bulk density of a downflowing annulus bed,
kgm™*

pe density of carbon dioxide, kg m~*

Pe density of air, kg m~?

Po bed density at the opening, kg m

P density of solid particle, kg m 3
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