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Abstract—Solids circulation rate and static bed height in the riser of a circulating fluidized bed (CFB) process, which
consisted of a riser and two bubbling-beds, were investigated and discussed at ambient temperature and pressure.
Three kinds of powder (FCC catalyst, glass bead, plastic powder) were used as bed materials. The static bed height in
the riser increased with the solids circulation rate. However, it decreased with an increase of gas velocity. The effect of
gas velocity diminished as the gas velocity increased. The riser static bed height could be used to estimate the solids cir-
culation rate in reasonable accuracy. A correlation on static bed height in the riser, relating to the solids circulation rate,

was proposed for the present experimental ranges.
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INTRODUCTION

The dual gas fluidized-bed system of a fast bed riser and a bub-
bling bed is used for a reactor-regenerator process such as the pro-
cess capturing CO, from flue gas [1] and the desulfurization process
for coal gas [2]. The process consists of a riser type adsorption col-
umn and a bubbling-bed regenerator. In the adsorption column,
the solid particles controlled in flow rate by a mechanical valve such
as a rotary valve or a slide gate adsorb target gas components. Par-
ticles are sent to the regenerator to release the adsorbate and return
to the adsorption column. This process considers the solids circu-
lation rate and the solids inventory in each reactor as essential fac-
tors affecting process performance. The solids flow rate affects solids
holdup, mass and energy balances in the riser. The solids holdup
relates to the size of the fan that supplies fluidizing gas to the riser
since the solids holdup is one of main factors contributing the pres-
sure drop in the riser. The solids holdup in the riser also should
provide proper mean residence times of solid and gas phases for
reaction.

However, there hardly exist proper methods to measure the sol-
ids circulation rate for the CFB system. Most measuring methods
have been improper in simplicity and robustness to apply for indus-
trial systems [3]. There has not been much attention given to pro-
viding a tool to predict the solids circulation rate generally in the
riser. Thus, Martin and Ommen [3] mentioned that correlation
between pressure drop (or solids holdup) of a riser section and the
solids circulation rate remains as one of the most common meth-
ods used in industry for the online estimation of the solids mass
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flux. The correlation can be set up between the average solids holdup
and the solids circulation rate in the riser.

The solids holdup in the riser is an integration of the axial sol-
ids holdup profile along the entire riser height that considers the
dense region in the bottom, the dilute region in the top, and tran-
sition region between dense and dilute region as summarized by
Bai and Kato [4]. The axial solids holdup profile divided into three
types depending on existence of dilute region only, dilute and tran-
sition regions, and all three regions (typical S-profile) as solids flow
rate increased for a certain gas velocity. It is represented by empiri-
cal correlations [5-7] or comprehensive models, the so-called pres-
sure balance models [8]. Empirical correlations limited application
ranges as their own experimental conditions, but were not in good
agreement even with their own data. The pressure balance model
summarized by Lei and Horio [8] was very complex in use but estab-
lished systematic understandings on this system. It needs the pres-
sure balance over the whole system of the CFB including the riser
and the external loop which connects with each other at the top
and the bottom, respectively. As examples, the inflection point of
the model of Li and Kwauk [9] and dense region height of the model
of Lei and Horio [8] for the axial solids holdup profile of the riser
cannot be calculated without the pressure balance since the head
of the gas-solids mixture in the riser is attributed to the counter
balance of the pressure head of the external loop in the model. The
external loop consists of a cyclone collector and a return leg at least,
often including a reservoir and/or a valve additionally for the dual
fluidized bed system [1,2,10]. There can be various types of valves
in use such as a rotary valve [5], a slide gate [1,2], a loopseal and
an L-valve. Pressure drop in the cyclone and the reservoir is rather
simple to estimate as an approximation. But it is still very difficult
to predict the valve pressure drop depending on type and geome-
try of valve, solids circulation rate, and aeration rate. In the mean-
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time, conditions of riser bottom and return leg also affect the pres-
sure balance. The exit of the valve or the downward return leg is
often connected to a transition or dilute region of the riser, and
most of the upper part except the small lower part of the return
entry is empty like gravity feeding without aeration [1,2]. Then the
valve almost consumes pressure head of the external loop, the pres-
sure balance loop set up regardless of the solids holdup of dense
region in the bottom of the riser, and the axial solids holdup pro-
file including the inflection point or dense region height can hardly
be determined in the riser. Kato et al. [6] and Rao et al. [7] pro-
posed correlations on height of inflection point. But their correla-
tions cannot fulfill the need of above models completely since they
do not cover the imaginary inflection point located below the dis-
tributor level. Thus, the pressure balance model is still too com-
plex and not totally available for actual use. Kunii and Levenspiel
[11] proposed a model to relate the riser solid holdup profile with
the solids circulation rate without the use of a pressure balance.
However, their model was too simple to represent the dilute region
and transition region properly. Sum of the height of both regions
is only subjected to decay constant that describes the solids holdup
profile decreasing from the top end of the dense region to the gas
exit of the riser. The decay constant and solids holdup of the dense
region was only a function of gas velocity. With their model for a
high riser, the height of the dilute region is underestimated, but
inversely the height of the dense region overestimated as the rest of
the riser height. Bai and Kato [4] summarized that previous models
and correlations on solids holdup for dense and dilute regions in-
dicated relative deviations >68% at the dense region and >50% at
the dilute region from measured data, respectively. They made good
improvement with new correlations on them with relative errors
ranging from 14.4% to 19.7%. However, solids holdup of transi-
tion and dense regions, determined by applying decay constant [8]
and inflection point (or dense region height) [6,7], respectively,
will have to add further error (10% to 30% at least) to total solids
holdup. Chan et al. [12] proposed correlations for average solids
holdup together with a quite different flow regime map from pre-
vious ones in type of axial solids holdup profile. Zone IV in their
regime map had an initial acceleration zone (IAZ) in the bottom
when a bubbling/turbulent fluidized bed (S-profile) was formed.
Both exponential profile and S-profile accordingly occurred together
in the riser. In addition, the typical S-profile was a transition from
dilute flow (DF) to fully developed dense suspension upflow (DSU).
As a result, existing correlations and models on axial solids holdup
profile in the riser are very complicated but not established well
enough to use for estimating the total solids holdup. It might be
better to develop new direct relationship between total solids holdup
and solids flow rate in the riser.

The purpose of this study was to investigate the feasibility of a
simple relationship between solids flow rate and pressure drop in
the riser of a circulating fluidized bed as a method to determine
them with information only on riser conditions.

EXPERIMENT

The experimental set-up (Fig. 1) consisted of a riser (0.025 m-
id., 3.0 m-high), cyclones, a loopseal, two bubbling fluidized-beds
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Fig. 1. Experimental setup.

1. Horizontal pipe 7. Slide valve (1)

2. Sight glass 8. Bubbling fluidized-bed (2)
3. Riser 9. Slide valve (2)

4. Cyclone 10. Standpipe

5. Loopseal 11. Settling chamber

6. Bubbling fluidized-bed (1)  12. Bag filter

(0.1 m-id,, 1.2 m-high) stepwise, and two stainless steel slide valves -
one between two bubbling fluidized-beds (1) and (2), and another
below the bubbling fluidized-bed (2).

The feed gas to the riser contained particles from the lower bub-
bling fluidized bed (2) through a standpipe. The particles were drop-
ped into the conveying gas stream at the T-junction below the slide
valve (2). The flow rate of solids was controlled by changing the
opening of the slide valve (2) placed in the standpipe from the bot-
tom of the lower bubbling bed (2). The entrained particles were
separated from gas in a cyclone separator and sent to the upper
bubbling fluidized bed (1). The bottom of the upper bubbling bed
(1) and freeboard of the lower bubbling bed (2) were connected
with a standpipe via a slide valve (1). The slide valve (1) was used
to cut the solids flow between two bubbling beds (1) and (2). Both
bubbling beds were fluidized as 0.023-0.171 m/s, a little greater than
the minimum fluidization condition. Each bubbling bed had a cyc-
lone to capture particles entrained by exit gas. But the amount of
entrained particles was small enough to neglect without return.
Each solids holdup in the riser and bubbling beds was estimated
from the differential pressure across the bed. Table 1 summarizes
properties of particles used as bed materials. Three kinds of solid
particles were used as bed materials.
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Table 1. Particle properties

Properties Spent FCC Glass bead Plastic powder
Apparent density [kg/m’] 2486 918
Bulk density [kg/m’] 1451 415
Specific surface mean diameter [mm] [11] 0.0799 0.0926 0.348
Minimum fluidizing velocity [m/s] 0.00382 0.0114 0.0849
Transport velocity [m/s] [13] 2.10 2.48
Terminal velocity [m/s] [11] 0.304 0.638 1.407
Geldart’s classification [14] B B
Gas velocity and solid circulation rate in the riser were consid- 80 T I T

ered as independent variables for each bed material. The riser gas Spent FCC

flow rate was controlled by a mass flow controller. To estimate the r;g & ¢

solids circulation rate in the steady state solids circulation test, we D 60 .

ran a transient transport test of solids from the lower bubbling bed &

(2) to the upper bubbling fluidized bed (1) through the slide valve g

(2), the riser and the cyclone. The two bubbling beds were fluid- c 40 C .

ized and the slide valve (1) between two bubbling beds (1) and (2) s Uriser [M/s]

cut the solids flow during the test. The solids circulation rate was g g o 3

supposed to depend on the lower bubbling bed height, the open- 8 208 E g .

ing of the slide valve (2) and the riser gas velocity. The solids flow 3 g & 6

rate was measured at the opening ratio of slide valve (2) and the . | | | | A I?

riser gas velocity of steady state experimental conditions.

Initially; the lower bubbling bed (2) was charged with solids, the
upper bubbling bed (1) was empty, and gas velocities for the riser,
bubbling beds (1) and (2) were set. We started measuring the tran-
sient change of differential pressure in the bubbling bed (2) as we
opened the slide valve (2) quickly to an opening ratio. Particles
were conveyed to the bubbling bed (1), and the slope of transient
differential bed pressure in bubbling bed (2) changed as bed mass
decreased. In the run we got the transient trend of bed mass from
the differential pressure change across the lower bubbling bed (2).
Fig. 2 shows a sample trend. The instantaneous solids flow rate at
a height of the lower bubbling bed (2) was determined by the slope
of the transient bed mass trend. We calculated the solids flow rate
for a bed differential pressure drop of the bubbling bed (2) from
the transient change of differential pressure drop of the bed. There-
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Fig. 2. Transient loss of bed mass in bubbling fluidized bed (2).
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Fig. 3. Solids circulation rate in the riser at steady state conditions.
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fore, the solids flux (G,) in the riser at a certain differential pres-
sure of the bubbling bed (2) (—Ap,,) was calculated as

G- (d(— Adl?[bzl g))

A
at a(=A4p;,) Ar

A, and A, are cross-sectional areas of bubbling bed (2) and riser,
respectively. Fig. 3 indicates the solids circulation rate in steady state
solids circulation tests for particles. The solids circulation rate in-
creased as the opening ratio of slide valve (2) increased nearly pro-
portionally; but the effect of riser gas velocity was arbitrary.

1)

RESULTS AND DISCUSSION

Figs. 4 shows typical axial solids holdup profiles in the riser for
three kinds of particles (FCC, glass bead, plastic). Since the effect of
solids flux rather than wall friction on the axial pressure loss seemed
dominant and the solids flux of this study was <199 kg/m’s [15,
16], effects of particle acceleration and wall friction on the axial
pressure loss were considered negligible in this study even though
the riser diameter of this study 0.025 m was smaller than that of
Arena et al. [15] 0.041 m. The average solids holdup (&,) in the sec-
tion could be determined from an axial differential pressure gradi-
ent by Eq. (2).
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(~Ap/Ah)=¢g,0,8 ()

The solids holdup decreased steeply in the lower dense region
for all particles as height increased. It decreased due to particles
being speeded up in this acceleration zone (AZ) [4]. It decreased
slowly in the middle for FCC particles and plastic powder and then
increased in the top section for all particles. The increasing trend
of the top section seemed to be due to the abrupt gas exit and reflux
of solids bouncing back against the ceiling [17]. The solids holdup
in bottom and top sections increased with an increase of solids
circulation rate or particle density as usual [4,17]. In case of plastic
powder, a zone of constant solids holdup, which seemed a zone of
tully accelerated particles, appeared in the middle of the riser (Fig.
4(d)) for some experimental conditions. However, we could rarely
have the zone in present riser conditions and hardly use the solids
holdup of this zone to calculate the solids circulation rate.

Modes of operation by Chan et al. [12] indicated that the pres-
ent riser circulating FCC particles with G,<27.3 kg/m’s fell in mode
11 for dilute flow (DF) with AZ in the bottom and G,>62.8 kg/m’s
in mode IV for core-annulus flow (CAF) with dense bubbling/tur-
bulent fluidized bed (BTFB). The CAF with dense BTFB had the
initial AZ (TAZ) in the bottom and the S-profile of axial solids holdup
consecutively. The mode III for CAF with AZ in the bottom was
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Fig. 4. Axial solids holdup profile in the riser (a), (b) FCC, (c) glass bead, (d) plastic powder.
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expected between them in G,. According to the correlation of Bai
and Kato [4], the present G, except 64.0 kg/m’s and 69.5 kg/m’s
for 3 m/s, was less than the saturation carrying capacity. Then the
S-profile of axial solids holdup was expected only for those two
conditions. Since solids holdup profiles measured for G,>62.8 kg/
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Fig. 5. Effects of gas velocity and solids circulation rate on riser static
bed height for (a) FCC, (b) glass bead and (c) plastic powders.
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m’s were similar for all gas velocities and modes of operation of
Chan et al. [12] always had the AZ in the bottom, the model of
Chan et al. [12] seemed to be better than that of Bai and Kato [4].
However, both models did not consider the exit effect on solids
holdup.

Fig. 5 indicates effects of gas velocity and solids circulation rate
on the static bed height in the riser for (a) FCC, (b) glass bead and
(c) plastic powders. The static bed height was determined by Eq.
(3) as the total bed height converted to minimum fluidizing con-
dition.

_ (_ Ap)r
* Pp,bulkS

The static bed height of FCC particles decreased in Fig. 5(a) as the
gas velocity increased. The effect of gas velocity decreased as the gas
velocity increased. However, the static bed height of solids increased
as the solids circulation rate increased. The decreasing trend of sol-
ids static bed height by an increase of gas velocity slowed as the
solids circulation rate decreased.

As gas velocity increases, the relative velocity between solid and
gas increases, the drag force on the particle surface increases, the
rising velocity of particle increases, then the solid holdup, i.., static
bed height of solids, decreases for a certain solids circulation rate
[4]. The static bed height of solids increases due to the increase of
solid holdup as the solids circulation rate increases. Time for fully
accelerating the particles in the bottom of the riser increases as the
solids circulation rate increases. It decreases as the gas velocity or
the ratio of gas flow rate to solids flow rate increases. Therefore,
the solids static bed height increased as the solids circulation rate
increased, and effects of gas velocity and solids circulation rate de-
creased as the ratio of solids flow rate to gas flow rate decreased.

Effects of gas velocity and solids circulation rate on the static bed
height in the riser for glass bead particles were found similar to
those for FCC particles, as can be seen in Fig. 5(b). The solids cir-
culation rate was greater than that of FCC particles for the same
opening ratio of the slide valve because the bulk density of glass
beads was greater than FCC particles. The static bed height of glass
beads in the riser increased more proportionally with increasing
the solids circulation rate than that of FCC particles. Effects of gas
velocity and solids circulation rate on the static bed height of plas-
tic powder in the riser were similar to those for FCC particles and
glass beads but rather closer to those for glass beads, as can be seen
in Fig. 5(c). It seemed to be attributed to the same Geldart classifi-
cation B [14]. The static bed height of plastic powders in the riser
decreased more linearly than those of FCC particles, and glass beads
as the gas velocity increased.

Fig. 6 compares riser static bed heights for different types of par-
ticles. The static bed height of glass bead was smaller for similar
gas velocities and solids circulation rates than FCC particles, because
glass bead is heavier in apparent density and bigger. However, FCC
particles (Fig. 5(a)) indicated similar or greater static bed height
than plastic particles (Fig. 5(c)) for gas velocities (3-6 m/s) and sol-
ids circulation rates (10.1-28.3 kg/m’s). FCC particles were heavier
in density but smaller in size than plastic particles. The effect of
particle size seemed to be stronger than particle density.

Fig. 7 shows the comparison of measured static bed height with

h ©)
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Fig. 6. Comparison of riser static bed height for glass bead and FCC
powder.

one calculated by the axial solids holdup profile of Kunii and Lev-
enspiel [11]. Saturation carrying capacity of gas and solids hold-
ups of dense and dilute regions were calculated by correlations of
Bai and Kato [4]. The decay factor of the solids holdup profile was
calculated by the correlation of Lei and Horio [8] to reflect effects
of all varjables rather than only the gas velocity effect. The inflec-
tion point as height of the dense region was calculated by correla-
tions of Kato et al. [6] and Rao et al. [7] for comparison. Table 2
summarizes the correlations used. As can be seen in the figure,
agreement of model calculation was poor. According to the cor-
relation of Bai and Kato [4] on saturation carrying capacity; the dense
region only appears at solids circulation rates 64.0 kg/m’s and 69.5
kg/m’s for gas velocity 3m/s as discussed above. The correlation
of Rao et al. [7] (relative deviation (RD)=51.9%, root-mean stan-
dard deviation (SD)=0.105 m) seemed to be better than that of Kato
et al. [6] (RD=53.6%, SD=0.117 m) overestimating the dense region
height considerably. The relative deviation (RD) and the root-mean
standard deviation (SD) were calculated by Eqs. (4) and (5), respec-
tively.
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N

N is the number of data points. The model of Chan et al. [12] was
also compared with present data. We followed the calculation pro-
cedure given in Table 2 of their study. The model underestimated
the static bed height for DF and CAF with AZ (mode II and III,
respectively). However, it overestimated for CAF with dense BTFB
(mode IV). The residence time of solids in the BTFB was assumed
15 s as in their procedure. The RD and the SD of their model on
our data were 196% and 0.583 m, respectively.

Consequently; previous correlations and models on the axial sol-
ids holdup profile did not seem to be good enough to apply for
estimating the overall solids holdup in the riser. Therefore, we sim-
ply correlated the static bed height with experimental variables as
follows in SI unit with a correlation coefficient (r*) 0.832.

hS:327pP—2.15dp—0.968(1_ &nf)Z.MGSO.SOZUﬁS”—l.H (6)

The correlation was applicable in the present experimental ranges:
918<p, [kg/m’]<2486, 0.0799<d, [mm]<0.348, 7.8<G, [kg/m’s]<
122.5, and 3<u,,, [m/s]<7. Fig. 8(a) depicts comparison of meas-
ured static bed height with one calculated by the present correla-
tion (RD=20.5%, SD=0.0370 m). The present simple correlation
seemed to be rather more successful than previous correlations.
Fig. 8(b) shows a comparison of measured solids circulation flow
rate with one calculated by the present correlation (RD=24.4%,
SD=10.7 kg/m’s). It reveals the present correlation is feasible to
use for estimating the solids circulation rate from riser conditions.
However, the correlation still needs to be improved for generaliza-
tion with more process variables in the future.

CONCLUSIONS

The solids static bed height in the riser increased as the solids

1.0 T | | T
0.8 |- Solid holdup: Bai and Kato [4] =
: Inflection point: Rao et al. [7]
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04 =
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Plastic
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Measured riser static bed height [m)
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Fig. 7. Comparison of riser static bed height between measured and calculated by the model of Kunii and Levenspiel [11] employing cor-
relations of Bai and Kato [4], Lei and Horio [8], Kato et al. [6], and Rao et al. [7] for model parameters.
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Table 2. Correlations on solid holdup, inflection height and decay factor

Authors

Correlations
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Fig. 8. Comparison of measured (a) riser static bed height and (b) solids circulation rate with values calculated by the correlation of this

study.

circulation rate increased; however, it decreased as the gas velocity
increased. The effect of gas velocity decreased as the gas velocity
increased. The riser static bed height was feasible to use for esti-
mating solids circulation rate with reasonable accuracy. A correla-
tion on static bed height in the riser, relating to the solids circulation
rate, was proposed within present experimental ranges, but it has
to be improved further in the future because of the low correla-
tion coefficient.
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NOMENCLATURE

: cross-sectional area [m’]

: Archimedes number, d;pgg(pp— 02/ 17 [
: decay factor [m™']

:riser diameter [m)]

: specific surface mean diameter [m]

: Froude number, u,,,,/(gd,)* [-]

TeOR o>
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: gravitational acceleration, 9.8 [m/s’]

: solids circulation rate in the riser [kg/m’s]

: saturation carrying capacity of gas [kg/m’s]

- height from the distributor [m]

:h between dense region of particles and dilute region of par-
ticles [m]

:static (or total) bed height of riser solids converted to &,
condition [m]

N  :number of data [-]

p  :pressure [Pa]

Re, :Reynolds number, d,uo/s [-]

t

r

R e

ST aom

=

: time [s]

: correlation coefficient [-]
u;  :superficial solid velocity, G/p, [m/s]
Uy, :superficial gas velocity in the riser [m/s]
u,  :terminal velocity of a single particle [m/s]

Greeks

A :difference

&,y  :voidage at minimum fluidization condition [-]

&  :solid holdup [-]

:solid holdup at uniform flow with slip velocity equal to u;
(]

&  :solid holdup at dilute region [-]

&y  :solid holdup at dense region [-]

M :gasviscosity [Pas]

P, :gas density [kg/m’]

p,  :apparent particle density [kg/m’]

Ps b < bulk particle density [kg/m’]

Subscripts
b2  :bubbling fluidized bed (2)
cal :calculated

mea :measured

r :riser
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