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Abstract—The hydrodynamic and gas mixing characteristics have been determined in a FCC regenerator (0.48 m
1.D.x3.4 m high) with FCC particles. Solids holdup in the dense bed decreases with increasing gas velocity, but it
increases in the freeboard region. The bubble/void fraction increases with an increase along the bed height at a given
gas velocity and increases with increasing gas velocity at a constant bed height. Backmixed tracer gas at the wall region
is higher than that at the center region of the bed. The gas backmixing coefficient decreases with increasing gas velocity.
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INTRODUCTION (@)
Exit

The Fluid Catalytic Cracking (FCC) unit has been used to con:
vert heavy oil to gasoline. To date, about 350 FCC plants have bee
operating and new FCC plants are being built annually [Senior an
Avidan, 1996].

In a FCC unit, FCC catalysts are circulated rapidly between rise 3.4
and regenerator where the catalyst is regenerated. A FCC regen
ator is used to burn coke-deposited catalyst for restoring cataly:
activity and supply heat to the riser for the cracking reaction. It is
known that bubble or void properties such as bubble/void velocity
and fraction have a strong influence on both heat and mass tran J’
fers in fluidized beds [Farag et al., 1997]. Also, for practical design 7y
purposes an understanding of gas mixing characteristics is need
to evaluate gas flow patterns in a fluidized bed. Tordatey studies
have been carried out in the risers where gas-solid reactions occl
However, studies on solids and gas flow behaviors in the regener:
tor are comparatively sparse though it affects total performance ¢
FCC unit [Kim et al., 2000].

In the present study, bubble/void and gas mixing characteristic:
in the FCC regenerator have been determined.
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Experiments were performed in the upper and lower parts of ¢
FCC regenerator made of a transparent Plexiglas column as shoy $°1d transport to lower regenerator [unit: mm]
in Fig. 1(a). The diameters of the upper and lower part regenere
tors were 0.48 m and 0.26 m, respectively. The upper parts of eac
regenerator were expanded to 0.90 m (upper) and 0.48 m (lowe
to reduce particle entrainment, respectively. The gas distributors ¢
the upper and lower regenerators are shown in Fig. 1(b). The soli
feeder, including a hopper in the upper part regenerator, and a stc
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age tank at the exit of the lower part regenerator were installed tby volume of the total air flow rate. The holes of the sampling tube
provide continuous solids feeding from the upper to the lower rewere covered with a screen to prevent leakage of solid particles from
generators. Air was injected into the two regenerators, and injectethe bed. The tracer gas was sampled at 0.1, 0.2 m below and 0.8 m
air at the lower part of the regenerator was re-injected into the upabove the injection point. To determine the gas backmixing coeffi-
per regenerator through pipes around the distributor. Pressure tapent, the injection and sampling tubes were moved radially across
were mounted flush with the wall of the column and connected tahe bed width. At steady state conditions, the tracer gas was sam-
a manometer or pressure transducer to measure pressure drops frpled at nine different radial positions and the sampled gas was an-
which the cross-sectional averaged voidage in the regenerators walyzed by gas chromatography (HP 5890II, USA).
deduced. The pressure signals from the pressure transducer were am-
plified and sent via an A/D converter to a personal computer for RESULTS AND DISCUSSION
recording. The differential pressure fluctuation was measured with
a pressure transducer (Valydine P306D, USA). The mean diametdr. Axial Solids Holdup
and apparent density of spent FCC particles used as the bed ma-The effect of gas velocity on axial solids holdup distribution in
terials were 7m and 2,130 kg/fnrespectively. In this study, gas the upper regenerator is shown in Fig. 3. The initial bed height was
velocity (U, in the upper regenerator was varied from 0.56 to 1.150.50 m and gas velocity was varied from 0.56 to 1.15 m/s. As shown
m/s, and that in the lower regenerator was fixed at 1.00 m/s, as inia Fig. 3, the axial solids holdup distribution exhibits a typical solids
commercial reactor. The gas velocity)(lo the upper regenerator holdup distribution in a turbulent bed with dense region in the bot-
is velocity considering air re-injected from the lower regenerator. tom of the reactor and dilute region in the freeboard region. The
A transmission type optical fiber probe was used to determinegradient of axial solids holdup distribution decreases with increas-
the bubble/void properties. The details of the probe system can kiag gas velocity. As the gas velocity is increased, solids holdup in
found elsewhere [Lee and Kim, 1991]. A schematic diagram andhe bottom region decreases, but it increases in the freeboard region
typical output signal from the optical fiber probe system are showrdue to the increase of particle entrainment from dense region to free-
in Fig. 2. The optical fiber probe consisted of two pairs of optical board region. Solids holdup decreases exponentially with height
fibers with a diameter of 5@m. One pair was a light projector above the dense bed. The solids downflow near the wall region in
from the light source of a Helium-Neon laser (17 mW, Uniphasethe freeboard was observed with increasipdue to formation of
Model 1144, USA), and the other opposite side was a receiver dhe core-annulus structure at highgfNhmkung and Kim, 1998a.
the light transmitted that was connected to a phototransistor, ampliFherefore, the regenerator has the flow structure of gas-solid up-
fier, A/D converter and a personal computer. The sampling intervaflow in the core region and solid down-flow near the wall region
of signals was selected at §8)and the data were collected dur- at the given operating range of. OThe lower regenerator has a
ing the sampling time of 30 s for each experimental condition. similar axial solids holdup distribution as in the upper regenerator.
The tracer gas (He) was injected to determine gas mixing at steadythough solids holdup at 1.5 m above the distributor is not largely
state as step injection at 0.4 m above the distributor plate through -
up-facing injection hole. The tracer injection rate was 0.45-0.56%
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Fig. 2. Optical fiber probe and typical output signal. per regenerator.
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Fig. 5. Radial profile of bubble/void fraction (U,=1.03 m/s).

varied with gas velocity due to the expansion of reactor, solids hold-
up at 1.2m (freeboard region) from the distributor increases with 1
increasing gas velocity due to the increase of entrainment. Uy :ﬁzlub‘ @

The flow behavior with gas velocity can be predicted indirectly -
by measuring pressure fluctuation in the bed as shown in Fig. 4 &he bubble/void chord length can be calculated from contacting
steady state in the upper part regenerator. Pressure fluctuation wése (f) of bubble/void with the tip as:
measured at 0.09-0.14 m above the distributor by using a pressure
transmitter. The sampling interval of signals was selected at 10 ms,
and the signals were collected during a sampling time of 41 s foiThe bubble/void fraction was determined as follows:
each experimental condition. Pressure fluctuations are affected by
solid and bubble flows in the bed. Standard deviation of pressure Zt‘
drop initially increases with increasing gas velocity, though it goes & :? @
to a maximum value at a given gas velocity, and then sharply de-
creases with increasing gas velocity [Namkung et al., 2000]. The gashere T is total sampling time.
velocity at which the maximum standard deviation occurs can be The bubble/void fraction with the radial direction (r/R) in the up-
regarded as a transition velocity from bubbling to turbulent fluidizedper regenerator is shown in Fig. 5. The gas velocity in the regener-
bed. The transition velocity of FCC particle in this study is 0.65 m/sator was 1.03 m/s and the initial bed height was 0.7 m. Bubble/void
[Kim et al., 2000]. Therefore, Fig. 4(A) indicates the pressure fluc-velocity is higher at the center region, and it increases with increas-
tuation in the bubbling fluidized bed. Whereas, Figs. 4(B) and (C)ing bed height. As can be seen in Fig. 5, the local bubble/void frac-
are pressure fluctuations in the turbulent fluidized bed. As showrtion exhibits a spatial non-uniformity. The local bubble/void frac-
in Fig. 4, standard deviation of pressure fluctuation decreases wittion has higher values in the center region and decreases towards
increasing {Jin the turbulent fluidized bed. This means that the the wall region of the bed, which corresponds to the distribution of
bed becomes more homogeneous gisddeases in the turbulent  bubble chord length in a previous study [Clift and Grace, 1985].
fluidized bed. The mean pressure drop decreases with increasing gélse bubble fraction near the wall region is near to zero as in the
velocity due to the decrease of solids holdup with increasiiig U  bubbling beds due to solid circulation pattern in the bed [Clift and
the bed. Grace, 1985]. In the bed, bubble flows toward the center of the bed
2. Bubble/Void Characteristics as the bed height increases and solids flow downwards close to the

A time series analysis [Bendat and Pieslo, 1986] was performegall region of the bed. The down-flow solids may suppress the bub-
on the signals from the probe before calculation of the bubble proble activity. Farag et al. [1997] reported that bubble fractions in the
perties. The time lag) between two tips (d) was calculated by the centerline of reactor (0.50 m I.D.) are low, whereas high fractions
cross-correlation [Farag et al., 1997]. Thus, a local time averagedere obtained in this study. This difference may come from the dif-
bubble/void velocity and the average bubble/void rising velocity ferent types of distributors employed. In this study, a large fraction

Fig. 4. Pressure fluctuation from differential transducer.

Li=Uyxt, ©)]

can be calculated as follows, respectively: of fresh air was injected through the center region of the distributor
(Fig. 1).
_d The effect of gas velocity on the area-mean bubble fraction is
Ubi - (1) . . . . . . .
T shown in Fig. 6 where the fraction increases with increasing gas ve-
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Fig. 6. Effect of gas velocity on area-mean bubble fraction.

length in the bed with solids flow are shown in Fig. 7. The gas ve-
locity in the upper regenerator was 0.93 m/s and solid flow rate was
53.5 kg/h. The distribution of \é&xhibits a similar trend in the bub-
bling fluidized bed. The bubble flow rate has a local maximum value
in the annular ring region near periphery of the bed. This maxi-
mum value amplifies and moves inwards with the bed height, even-
tually reaching the center of the column due to bubble coalescence.
The radial bubble chord length also exhibits spatial non-uniformity
with a maximum value in the annular ring near the periphery of
the bed due to the non-uniform gas supplied to the distributor in
the regenerator. Bubble chord length in the center region near the
distributor is comparatively larger due to bubble coalescence.

In the bed with solids flow, bubble/void velocity and chord length
are not affected largely by solids flow because the injection and exit
regions were relatively small compared to the total area as in the
commercial FCC regenerator as shown in Fig. 1 [Wilson, 1997].
Therefore, it may be claimed that the present data of bubble/void
properties can be used to estimate the bubble/void properties in a
regenerator with solids flow.

3. Gas Mixing

The radial concentration profiles of the tracer gas (He) that is in-

jected at the center of the bed 0.4 m above the distributor are shown

locity. The bubble/void fraction is governed by its length and fre-in Fig. 8. As can be seen, the tracer concentration profiles above
guency [Choi and Kim, 1991; Kim et al., 2000]. The fraction in- and below the injection point exhibit different concentration pro-
creases due to the increase of frequency and elongation of bubbliges. As shown in Fig. 5, bubble/void fraction at the center region

with increment of Y[Kim et al., 1998]. Also, this is deduced indi-

is higher than that at the wall region and gas-solid flows upward.

rectly from the results of solid holdup that decreases with increason the other hand, void fraction approaches near to zero due to the
ing U, in the bed. The bubble/void fraction is higher due to the downflow of solid near the wall region. The injected tracer gas at
presence of larger bubbles at the higher bed height (0.6 m) [Chdhe center region flows upward by gas-solid flow, and it transfers

and Kim, 1991, Farag et al., 1997].

The distributions of bubbleivoid velocity jléind the radial chord
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Fig. 7. Radial profile of bubble/void velocity and bubble/void chord
length with and without solids flow.

to the wall region bynass transfer due to the radial mixing. Then,
the transferred tracer gas into the wall region is backmixed due to
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Fig. 9. Radial concentration profile of backmixed tracer gas at |+ Then, Eq. (5) has a solution of the form as:

1.03 m/s. c

. =expa%ixg (7)
the downflow of solids. Therefore, the concentration profile of tracer
above the injection point exhibits a maximum value at the center oivhere G and I3 are the mean concentration of tracer gas at the in-
the bed (Fig. 8A). While, backmixed tracer concentration at the centgection level and the gas backmixing coefficient, respectively. The
below the injection point is lower than that near the wall (Fig. 8B) gas backmixing coefficient (Jocan be obtained from the slope of
region due to the upward flow of gas-solid phases in the center regiof/C, vs. x by using the measured solid holdup.

The radial concentration distribution of backmixed tracer gas at The effect of gas velocity on, [ shown in Fig. 10. As can be
U,=1.03 m/s is shown in Fig. 9. As can be seen, the backmixed traceeen, [pdecreases with increasing Uh the turbulent flow region,
concentration is higher when the tracer gas was injected at /R=0i6is known that [) decreases contrary to the bubbling region where
(Fig. 9B) than that of gas injection at /R=0.0 (Fig. 9A). When the D, increases with increasing, fllee and Kim, 1989: Cankurt and
tracer gas was injected at the center region, the backmixed trac¥erushalmi, 1978]. However, until now, the effect gfdd D, in
concentration decreased with increasing gas velogitl (@B—1.17 the turbulent region has not been completely understood. Lee and
m/s). It indicates that gas backmixing decreases with incregsing UKim [1989] and Cankurt and Yerushalmi [1978] reported that D
As can be seen in Fig. 6, bubble/void fraction increases and solidaxhibits a maximum value with variation of id the bubbling and
holdup decreases as gas velocity is increased. When the tracer dgabulent fluidized beds. In this study, the maximum value,of D
was injected at /R=0.5 (Fig. 9B), a considerable amount of backwith U, has not been found because the experiments were performed
mixed tracer gas could be detected near the wall below the injedn the turbulent region.
tion point due to the downflow of solids. In a small column, the
tracer concentration of the opposite side of the injection point is slight- CONCLUSIONS
ly higher than that of center region due to the circumferential mix-
ing [Namkung and Kim, 1998a, b]. However, in this study, the in-  Solids holdup in the dense bed decreases and that in the free-
crease of tracer gas concentration at the opposite side of the injdaeard region increases with increasing gas velocity in the regenera-
tion point was not observed in a comparatively larger diameter (0.48r. Standard deviation of pressure fluctuation in the bed decreases
m) column. with increasing gas velocity. The bubble/void fraction increases along

In general, the gas backmixing coefficients have been determinetthe regenerator height with increasing gas velocity. Backmixed tracer
by using the dispersion model based on one-dimensional flow [Narmgas at the wall region is higher than that at the center region due to
kung and Kim, 1999]. the downflow of solids. However, gas backmixing is negligibly small

The axial dispersion model at steady state can be expressed asat the center region of the bed. The gas backmixing coefficient de-
creases with increasing gas velocity. The gas-solid flow pattern in
the regenerator at turbulent fluidizing state can be predicted by the
bubble/void and gas mixing characteristics. Most of the gas-solid

dic_udc_
dx¢ € dx
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