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Measurements are presented of gas mixing in a downflowing high-®elocity fluidized
bed using helium tracer detected by an on-line analyzer. It was found that gas backmix-
ing is ®ery limited in the downer, and the lateral mixing is comparable with that in the
riser. A dispersion model is applied to characterize the beha®ior of the gas mixing in the
two-phase downflowing mixture.

Introduction

The gas-solid cocurrent downflowing high-velocity flu-
Ž .idized bed downer is under investigation for very short resi-

dence-time industrial applications, such as advanced thermal
Žcracking and catalytic cracking of hydrocarbons Gartside,

.1989; Murphy, 1992 . The efficiency of a downer reactor de-
pends on its ability to mix adequately the incoming flows of
reactants with the solids, and performance criteria such as
yield and selectivity are typically adversely affected by back-
mixing in short contact time or residence time processes. As
unit residence-time requirements become shorter, the back-
mixing inherent in the upflow riser system becomes more
critical in limiting process yields and selectivity. A low gas
backmixing level has been expected in proposals for the de-
velopment of the downer reactor.

Ž .Flow patterns in the downer Cao, 1998 show solids aggre-
gation, nonuniform radial gas and solids velocity distributions
and relatively uniform axial solids concentration profiles,
which are different from those in the riser. This indicates
that there is a significant difference in gas mixing behavior
between the downer and the riser, and independent downer
measurements are required. However, a sufficient database
for high-velocity downflow gas mixing properties of gas-solid
powder mixtures upon which a process development can be
based is not available. Thus, a clear understanding of gas lat-
eral dispersion and backmixing in the downer is important.

ŽIn this investigation, a helium tracing technique Weinstein
.et al., 1989 is used to provide a picture of gas intermixing

and backmixing in the high velocity gas-solid downflowing
mixture.
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Experimental Studies
This investigation was conducted in the City College

Ž .downer-riser circulating fluidized bed Cao, 1998 , which in-
corporates a downer, a return riser, a storage tank, a solid
feed device, and a gas-solids separation system. The system is
shown in Figure 1. The downer is made of a Plexiglas tube
with an inner diameter of 12.7 cm and a length of 4.6 m. The
bed material used for the entire investigation was Grace
Davison fluid cracking catalyst, which has a particle density
of 1,480 kgrm3 and mean diameter of 82 mm. A solid feeder
and a gas distributor are located on top of the downer in a
wye arrangement. A hand operated valve is located between
the storage tank and the solid feeder to control the solid flow
rate. The solids are carried down by the main air supply to a
U-bend section, which connects the downer with the return
riser. The fluidizing medium is ambient air. Additional air
enters the system in the U-bend section regulated separately
through four independent air supply lines with five nozzles. It
helps to carry up the solids through the riser. The riser is also
made of Plexiglas with a height of 8.85 m and with the same
diameter as that of the downer. The solid particles are car-
ried up through the riser, which terminates in a flexible nylon
tube, and are directed into the primary cyclone. The primary
cyclone is located in the top of the storage tank. The Plexi-

Ž .glas vessel 0.3048 m in ID; wall thickness 1.27 cm is used as
a storage bed for the solid. The solids separated in the pri-
mary cyclone fall down along the wall of the storage bed,
which is kept at bubbling fluidization conditions. After pass-

Žing through the secondary cyclone Fisher-Klosterman Cy-
.clone Collector , the air is exhausted through a bag filter

which collects the fines. The fines collected are returned pe-
riodically to the system. The separated solids from the sec-
ondary cyclone return to the storage tank by a standpipe. The
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Figure 1. Downer-riser circulating fluidization unit.

butterfly valve in the middle of the storage bed is made out
of a sintered plate. It is used to measure the solid flow rate
Ž .Schnitzlein and Weinstein, 1988 .

Measurements of radial solid density with an X-ray imag-
ing technique indicate that solids distribution in the downer
is asymmetric in the r-direction within the solids entrance
region, and become symmetric about 1.2 m below the solids

Ž .inlet Cao, 1998 . To verify the existence of axial symmetry
below 1.2 m, a set of flux probes was designed to measure the
solids downflow flux at four points in the cross-sectional area
of the downer, as shown in Figure 2. These four measured
points are located at the same elevation of the downer and at
the same radial position. As shown in Figure 3, the solids
downflow flux can be considered to be axially symmetric after
the solids entrance region.

In the tracing technique, helium was chosen as a tracer in
order to eliminate the effect of gas adsorption on catalyst. A
steady stream of tracer gas was injected by a probe on the
axis of the bed at one elevation. The injection could be con-
sidered as a point source since the probe ended in a porous
cylinder from which helium entered the bed in both the ra-
dial and the axial flow directions. During the measurements,
the injected helium flow rate was about a half of the gas su-
perficial velocity multiplied by the cross-sectional area of the
porous plug. The helium flow rate was varied to demonstrate
the low sensitivity of the measurements to the helium flow

Ž .rate, as also shown by Li and Weinstein 1989 . Samples were
Ž .taken at three elevations xs0.3 m, 0.76 m, 1.3 m down-

Figure 2. Cross-section of the downer with the solids
downflow flux measurement probe set.

Žstream below the injector plane and at two elevations xs
.y0.14 m, y0.3 m upstream above the injector plane. The

sample gas and the reference air were drawn into an on-line
GOWMAC thermal conductivity analyzer connected to a data
acquisition system. The fluctuations in the signal from the
GOWMAC were smoothed by averaging 4,096 readings at 100
Hz. It was shown that such a recording length is long enough
to give reproducible data. The complete setup for the mea-
surement is shown in Figure 4.

Figure 3. Demonstration of solids axial symmetry.
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Figure 4. Experimental setup for helium tracing test.

Results and Discussion
Ž .The gas dispersion in a single-phase flow gas was investi-

gated to provide the basis for comparing with that in two-
phase flow. The profiles of the dimensionless helium concen-
tration detected at several sampling locations are shown in
Figure 5. The distribution of helium tends to be uniform when

Ž .the sampling position is far from the injection source 1.3 m .
When solid circulation was added in the unit, the detected

helium concentration distribution became significantly flatter
in the column cross-sectional area than it is in one-phase flow,
as shown in Figure 6. The reason is that the addition of solids
to the gas flow enhances the turbulent mixing and results in
greater lateral mixing.

Figure 7 shows the helium concentration profiles detected
at three sampling distances between the tracer injector source
and the sampling probe in the downer. It is obvious that the
closer the sampling is to the injection, the more nonuniform
the tracer distribution. A flat profile can be achieved at the
location of about xrDs6 or about 0.75 m.

( )Figure 5. Gas dispersion in single gas only phase flow.

Figure 6. Effect of particles on the tracer profile.

The effect of solid circulation rate on the gas dispersion is
illustrated in Figure 8. It is shown that the increase of solid
rate at the same superficial gas velocity leads to more rapid
gas lateral mixing. On the other hand, higher superficial gas
velocity at the same solids circulation rate gives less rapid
lateral mixing, as shown in Figure 9. Both effects are due to
the fact that an increase of solid concentration in the downer
provides better lateral mixing of the gas.

Figure 10 confirms the expected low backmixing in the
downer. Due to the fact that the gas and particles are flowing
downwards in the direction of gravity, convection is predomi-
nant over axial dispersion, and, therefore, backmixing de-
tected upstream of the source is very limited. Only at a very
close sampling distance between the injector and sampling
probe planes and high helium injection rate, is there any de-
tection of helium backmixing. In Figure 10, the backmixing
level in the slow moving central core is surprisingly high and
increases with increasing solid flux. In the gas only case, the
backmixing level is lower, confirming that the presence of

Figure 7. Profiles of dimensionless tracer concentra-
tion.
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Figure 8. Effects of solids circulation rate on the gas
dispersion.

solids enhances backmixing or axial dispersion. Also, the he-
lium is readily detected both with and without solids present
14 cm above the injector, but is essentially undetectable 30
cm above. These data also confirm that the presence of solids
enhance the turbulent mixing and indicate that the largest
turbulent eddies with and without solids present are on the
order of one to two tube diameters.

A two-dimensional, pseudo-homogenous model is used to
describe the behavior of the gas dispersion in the downer.
Assuming that isotropic dispersion takes place, this provides
a dispersion coefficient independent of the local position in
the column, which can be used with 1-D conversion models.
Additional assumptions are that gas velocity is uniform in the
column, and that convection occurs only in the axial direc-
tion. This is in keeping with 1-D modeling of the downer. In
cylindrical coordinates, the model is formulated as follows

Figure 9. Effects of gas superficial velocity on the gas
dispersion.
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Figure 10. Gas backmixing in the downer.
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Figure 11. Comparison of the experimental results with
the model predictions.

ln is the root of the Bessel equation and can be obtained by
Ž .solving J l s0.1 n

Setting up the object

m
2

s cyc 4Ž .Ž .Ý Ý experiment
Minimum is 0

The model parameter Pe in the equation can be obtained
by optimization. The results shown in Figure 11 indicate that
the model prediction for the lateral mixing fits the experi-
mental data well. The model prediction for the backmixing
Ž .see Figure10 shows good agreement with the experimental
data as well. The average relative error is 5.4%. The devia-
tion in the wall region is larger than in the core. The reason
for this is that the model neglects the nonuniform radial dis-
tribution of gas velocity. The Peclet number of the two-phase
flow in the downer is estimated from the above analysis. The
variation of calculated Peclet number with the apparent solid

Ž .Ž .fraction defined as 1ye s 1rr g D PrD L is plotted in Fig-p
ure 12. It can be seen that the Peclet number decreases with
increase of the bed density. This suggests that the particles
reinforce the turbulent intensity of the flow.

The measured magnitude of gas dispersion coefficients are
on the order of 10]100 cm2rs, which agrees with the results

Ž .obtained in the core region of the riser Adams, 1988 . The
calculated Peclet number is on the order of 100, which agrees
with the results obtained in a 6-in. downer-riser combination

Ž .system Zhu et al., 1995 . The gas axial backmixing is much
less than that in the riser. This is its ad®antage: the downer
reactor can reduce gas backmixing over the riser, but keeps
good lateral mixing.

Ž .Hydrodynamic studies Cao, 1998; Zhu et al., 1995 in the
downer have shown very significant differences in the gas-so-

Figure 12. Estimation of the Peclet number.

lid flow patterns between the downer and the riser. Gas tracer
Žexperiments Weinstein et al., 1989; Cao, 1998; Li and Wein-

.stein, 1989 have also demonstrated differences between the
downer and the riser in mixing properties. Comparisons be-
tween the downer and a riser are made to evaluate the per-
formance of the newly proposed downer reactor for short
contact reactions.

It has been determined that gas backmixing in the riser is
Žthe result of spatially distributed heterogeneity Li and Wein-

. Žstein, 1989 . Helium tracing tests Weinstein et al., 1989; Li
.and Weinstein, 1989 show that the tracer concentration de-

tected upstream near the wall is much higher than that in the
dilute core region when the injector is located near the wall.
On the other hand, injection in the core region produced a
very low level of backmixed tracer concentration, and the cir-
cumferential mixing in the annular region was considerable.
They concluded that the assumption of gas plug flow in the
riser was inappropriate for the whole bed. The same gas trac-
ing equipment was used to measure the gas backmixing in the

Ždowner, as was used in the riser Weinstein et al., 1989; Li
.and Weinstein, 1989 . A comparison is shown in Figure 13.

Ž .The injection point in the riser is near the wall rrRs0.89 ,
but at the center in the downer. Figure 13 clearly shows that
true gas backmixing occurring from a reverse flow region near
the wall is very limited or nonexistent in the downer com-
pared to riser flow. It is even undetectable when the detector
is located 30 cm away from the injector source in the downer.
The large reduction of true gas backmixing in the downer
offers the advantage of improving the selectivity and produc-
tivity over a riser in many short contact reaction processes.
On the other hand, the local mixing with a scale of about a
diameter provides good lateral mixing characterized by the
Peclet number, which is comparable between the riser and
the downer. As shown in Figure 14, dispersion coefficients

Ž .obtained in a riser Adams, 1988 are plotted with the data
obtained in the downer of this investigation. It can be seen
that the radial gas dispersion coefficients in the downer have
the same order of magnitude as in the riser. This ensures the
good gas-solids contact, which is required in catalytic and
thermal processes.
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Figure 13. Comparison of gas backmixing between a
downer and a riser.

Conclusion
Gas dispersion in the downer is affected by the solids den-

sity of the bed. Higher bed density results in more uniform
lateral gas dispersion. Gas backmixing is very limited in
downflowing high velocity fluidized beds. The lateral mixing
is comparable with that in the riser.

Figure 14. Comparison of gas lateral mixing between a
downer and a riser.

Notation
csmeasurement concentration, vol. %

c s injection concentration, mean mixed vol. %0
Dsgas dispersion coefficient, m2rs
esbed voidage

G ssolids circulation rate, kgrm2 ? ss
J , J sBessel functions0 1

D Lsdistance between two pressure taps, m
D Pspressure difference, Pa
r sparticle density, kgrm3

p
rsradial coordinate, m

Rscolumn radius, m
U sgas superficial velocity, mrsg
Usgas velocity, mrs
xsdistance between the injector and detector planes
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