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A downer-riser circulating high ®elocity fluidization apparatus was de®eloped to study
the fundamentals of downflowing gas-solid particle mixtures. The acceleration and de-
celeration of solids due to the influences of the entrance and exit sections result in a
relati®ely uniform axial solids distribution. Radial solid density profiles detected with an
X-ray imaging system in the downer show the existence of a core-annulus flow with a
dilute core surrounded by a denser wall region. Local solids flux profiles were obtained
with an aspirating probe de®ice and the solid ®elocity profile obtained from the two
measured quantities. These confirm that the majority of solids segregates in a wall re-
gion that flows faster than the dilute core region. Thus, the shorter residence time in the
high-speed downer wall region is coupled with faster reaction rates due to the accompa-
nying high concentration of catalyst, while the dilute core has slower reaction rates with
longer residence time due to the lower catalyst concentration and flow ®elocity. This
results in much more uniform reaction extent o®er the cross-sectional area of the downer
and, therefore, should impro®e the product selecti®ity.

Introduction

Reactor performance criteria such as yield and selectivity
are typically adversely affected by backmixing in short con-
tact time or residence time processes. These processes are
typically catalytic or thermal cracking processes in which both
the overcracking and the undercracking that result from
backmixing provide very low value products. As unit resi-
dence times become shorter, the backmixing inherent in the
conventional upflow riser system becomes more critical in
limiting process yields and selectivity. The significant gas and
solids backmixing is a result of the radially and axially
nonuniform gas and solids flow. The core-annulus radial
structure and the axially nonuniform density of the suspen-
sion in the upflow riser, which result in the backmixing and
reduced contacting between the two phases, are due in part
to the flow opposing the direction of the gravitational field.

It has been proposed that a reactor-reaction scheme utiliz-
ing a gas-solid mixture downflow concept would minimize
backmixing and achieve a closer approach to the plug-flow
condition in the reactor. When both the gas and solids flow
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directions are downwards, in the same direction as gravity,
backmixing is expected to be essentially limited to the gas-
solid mixing section at the upstream end and the gas-solid
separation section at the downstream end. The proposed ad-
vantages of the downer reactor come from the fact that parti-
cles are cocurrently flowing downwards with the gas phase in
the direction of the gravitational force, rather than against it,
as in conventional riser reactors.

The application of gas-solid cocurrent downflowing high
velocity fluidized beds would be particularly attractive in
newly proposed industrial processes with very short residence

Žtimes such as advanced catalytic cracking Gartside, 1989;
.Murphy, 1992 if the backmixing is as limited as is antici-

pated. At present, only a limited number of studies have been
reported on the fundamentals of downers. The research was

Ž .pioneered by Shimizu et al. 1978 and followed by Aubert et
Ž . Ž . Ž .al. 1994 , Herbert et al. 1994 , and Roques et al. 1994 in

small diameter units. A series of hydrodynamic experiments
Žwere carried out by Jin’s group Wang et al., 1992; Cao et al.,

.1994; Wei et al., 1994 in a 14-cm modified riser-downer
combination unit. Work on the formation of homogeneous
downflow gasrsolid suspensions at high velocities was re-

Ž .ported more recently Zenklusen et al., 1997 . This literature,
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while significant, does not provide, however, a sufficient
database for the properties of high velocity downflow of gas-
solid powder mixtures upon which a process development can
be based. Furthermore, evaluation methods for the backmix-
ing level do not at present exist. In this investigation, an X-ray
image visualization system and a local solids flux measure-
ment device, as well as fast response pressure transducers,
were used to provide flow quantities in a high velocity downer
from which a partial assessment of downer suitability can be
obtained.

Experimental Studies
This investigation was conducted in the City College

downer-riser circulating fluidization unit, which includes two
linked parallel tubes serving as downer and riser, a storage
tank, a solid feed device, and a gas-solids separation system.
The bed material used for the entire investigation was a Grace
Davison fluid cracking catalyst, which has a particle density
of 1,480 kgrm3 and mean diameter of 82 mm. The system is
shown in Figure 1. The downer consists of a Plexiglas tube
with an inner diameter of 12.7 cm and a length of 4.6 m. A
solid feeder wye which links the solids reservoir and a gas
distributor with the downer tube configures the gas-solid en-
trance design. The vertical gas feed tube is also of 12.7-cm
diameter and is coaxial with the downer. It contains flow
straightening tubes. The solids fall from a fluidized bed
through the other leg of the wye, which is at an angle of
about 358 from the vertical. This is the simplest possible inlet

Figure 1. Downer-riser circulating fluidization unit.

design and is commercially feasible. The solids are carried
down by the main air supply to a U-bend section, which con-
nects the downer with the riser. The fluidizing medium is
ambient air. Additional air which can be regulated separately
over four independent air supply lines through five nozzles
enters the system in the U-bend section. The additional air
helps to blow the solids up through the riser to the reservoir
above the solid feeder. The riser is also made of Plexiglas
with a height of 8.85 m and the same diameter as that of the
downer. The solid particles are carried up through the riser,
which terminates in a flexible nylon tube feeding the primary
cyclone. The primary cyclone is located in the top of the

Žreservoir. The Plexiglas reservoir 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 primary cyclone fall down along the
wall of the storage bed, which is kept at bubbling fluidization
conditions. After passing through the secondary cyclone
Ž .Fisher-Klosterman Cyclone Collector , the air is exhausted
through a bag filter which collects the fines. These fines are
periodically returned to the reservoir. The separated solids
from the secondary cyclone return to storage through a
standpipe. A butterfly valve, which is located in the middle of
the storage bed, is made out of a sintered plate. It is used to
measure the solid flow rate when it is closed. It has negligible
influence on the pressure balance of the circulating system.
The change in differential pressure between tap 13 and 14 is
recorded with the data acquisition system after closing the
butterfly. When this valve is closed, the solids fluidize above
the sintered plate and the bed below is carried away. The
decay of the pressure drop due to the disappearing lower bed
can be determined by applying linear regression to a 30 s
record length of D P measurements taken at 100 Hz. The
storage bed is kept in a steady fluidized condition during the
measurement. The mass-flow rate of the fluidized solid be-
tween these two taps can be calculated with the rate of change

Ž .of the pressure drop Schnitzlein and Weinstein, 1988 .
Pairs of pressure taps installed at different heights were

connected across pressure transducers and were hardwired to
an ArD board mounted in the PC. In order to prevent block-
ages, purge air was passed continuously through the taps dur-
ing fluidization.

An X-ray absorption system was used to give the solid frac-
tion distribution. Continuous high intensity X-rays passed
through the bed onto an image intensifier screen, which con-
verted the X-rays into visible light. The light was focused on
another screen equipped with a phototransistor array. The
output electrical signals were sampled with the data acquisi-
tion system at the rate of 100 Hz. The X-ray absorption sys-
tem gave a clear picture of the solids flow in the downer, and
the radial solids fraction was obtained by image reconstruc-
tion along with a calibration. The details of the X-ray system

Ž .and the calibration procedures are described in Feindt 1990 .
ŽA nonisokinetic sampling probe Monceaux et al., 1985;

.Rhodes et al., 1988 was used to measure the local solid flux
in the downer. The sampling device is shown in Figure 2. The
sampling probe is 7.54 mm ID and 9.54 mm OD. The solids
in the downer were aspirated with a vacuum through the
sampling probe into a 1.22 m tall and 7.62 cm ID fluidized
bed, which was maintained just above minimum fluidization.
The top of the bed was a sintered plate to separate the solids
and gas. Two pressure taps were installed along the bed to
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Figure 2. Local solid flux measurement device.

measure the increase of the pressure difference with time due
to the addition of the solids from the aspirating probe. The
increasing rate of the pressure difference gave the solid flux
by

A 1 d D PŽ .samplingbed
G rrR s 1Ž . Ž .s A g dtprobe

Ž . Ž 2 .where G rrR is the local solid flux kgrm ? s , A iss samplingbed
the cross-sectional area of the sampling bed, and A isprobe
the cross-sectional area of the sampling probe.

The probe was traversable along the radial direction of the
bed. The aspirating velocity was kept as small as possible to
ensure smooth suction flow from the downer. Rotating the
probe 180 degrees to make the probe face downwards did
not change the elevation of the probe location in the bed due
to the configuration of the probe. It was necessary to mea-
sure the solids flow rate with the probe tip facing both up-
wards and downwards, and take the difference in order to
eliminate the nonisokinetic sampling effect. A test to insure
that the net rate of solids aspirated was independent of the
aspirating velocity over the range employed was conducted
Ž .Kostazos, 1997 . Furthermore, the integral of the measured
flux over the cross-section was always compared to the inde-
pendently measured circulation rate. Agreement was always
within "11%.

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

Ž .the solids 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 at 1.83 m, as shown in Figure 3.

Figure 3. Cross-section of the downer with the solids
downflow flux measurement probe set.

These four measured points were located at the same eleva-
tion of the downer and at the same radial position. As shown
in Figure 4, the solids downflow flux could be considered to
be axially symmetric after the solids entrance region.

Results and Discussion
Pressure profile

The axial pressure profile is presented in Figure 5, in which
Ž .L is the distance m from the solids entrance. The measure-

ments indicate a ‘‘bow’’ shape distribution of the pressure in
a gas-solids downflow fluidized bed. The results show the

Figure 4. Demonstration of solids axial symmetry.
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pressure first decreasing from the flow inlet downwards along
the axial direction, then increasing gradually to the highest
point at the bottom of the downer. The pressure gradient
changes sign from negative to positive along the flow path.
The location of the minimum pressure depends on the oper-
ating conditions.

Ž .The one-dimensional 1-D momentum equation for the
gas-solid flow in the downer can be expressed as

dU dPdP p f
s r g 1ye yG y 2Ž . Ž .p sdx dx dx

Ž .where x is the direction of the flow the direction of gravity ,
and dP rdx is the frictional pressure drop. The terms of thef
righthand side of Eq. 2 represent the gravitational effects,
the solid acceleration, and the frictional effects on the pres-
sure gradient, respectively. The competition between these
terms in the above expression can be seen in the experimen-
tal results. When particles enter the downer reactor, they ac-
celerate to a high velocity driven by the gravity and gas drag

Ž . Ž .forces. The second term G du r dx is thus positive ands p
large. The negative pressure gradients indicate the predomi-
nance of solid acceleration and friction over gravity head. In
the process of acceleration, the slip velocity decreases rapidly,
going through zero and eventually becoming negative, and
the acceleration effects decline compared with those due to

Ž . Ž .gravity. When G du r dx decreases to the extent that thes p
gravity becomes predominant, the pressure head begins to
increase. Because of the restriction of the U-bend structure
and the pressure balance requirement of the circulating sys-
tem, the particle velocity will decrease before reaching the
U-bend section. This deceleration of the particles results in a
large increase of the pressure. In general, the minimum pres-

Ž .sure point dprdxs0 is typically located between 0.5 and 1.5
m from the entrance for this downer-riser loop configuration.

As shown in Figure 5a, in the higher solid flux case, the
pressure at the bottom of the downer is relatively high due to
the accumulation of particles just above the U-bend section.
The absolute value of the pressure is higher for the higher
solids flux cases since more dynamic power is needed to
transport denser suspensions back up the riser. It also can be
seen from Figure 5b that the absolute value of the pressure is
higher at higher superficial gas velocity with the same solid
circulation rate. The larger pressure head required to over-
come the resistance of the entire flow system in the higher
gas velocity operating case results in a higher-pressure value
everywhere in the system than that in the lower gas-flow rate
case.

Solid fraction profile
Figure 6 shows the radial solid density profiles at one ele-

vation in the downer bed. They indicate a segregation of the
two-phase flow as also occurs in a riser with a dilute core
region surrounded by a dense annular wall region. The shape
of the solid fraction profile is parabolic in the dense region
and is flatter in the dilute region. Such a solid distribution is
typical and independent of the operating conditions for the
LrDs35 downer used in this investigation. However, Figure
6 also shows that the larger the solidrgas ratio, the denser is
the bed based on a cross-sectional area average.

The nonuniform radial solid distribution in downers was
reported by other researchers using g-ray absorptometry or

Žfiber optic probes Herbert et al., 1994; Zenklusen et al., 1997;
.Bai et al., 1991 . Comparison of the results between this work

and the others is shown in Figure 7. It can be observed that
the solid fraction exhibits a larger value near the column wall
than in the central region of the downers in all the reports.

Ž .Note that the Zenklusen et al. 1997 experiment was carried
out with a very dilute gas-solid suspension even if in a big
column. He claimed that ‘‘homogenous’’ flow had been

Figure 5. Pressure profiles.
Ž . Ž .a Constant gas velocity; b constant solid circulation rate.
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Figure 6. Radial solids density profiles.
Ž . Ž .a Constant gas velocity; b constant solid circulation rate.

Ž .achieved, although the microview Figure 8 of the solid dis-
tribution in the downer shows a similar profile to this work.

Ž . Ž .Results obtained by Herbert et al. 1994 and Bai et al. 1991
show similar solid fraction profiles, which have dense annular
regions but which get dilute very close to the walls. However,

Ž .the small diameter downer used by Herbert et al. 1994 usu-
Ž .ally results in strong wall region effects. The Bai et al. 1991

experiment measured the solid fraction very close to the wall,
which could have a strong reflection effect on the optical fiber
probe. Nevertheless, the solid fractions measured away from
the wall show similar profiles to this work. In this investiga-
tion, relatively large solidrgas ratios which form a dense bed
in a pilot-plant scale downer have been investigated. The
core-annulus flow pattern is very clear in this unit.

The mean solids distribution along the downer axial direc-
tion is shown in Figure 9. It can be seen that the integrated
solid fraction obtained from the X-ray measurements does
not vary much from the top to the bottom of the downer.
However, the apparent solid fraction evaluated from the

Ž .Ž .pressure gradient 1rr g dPrdx shows negative values in thep
solid entrance region. The difference is caused by accelera-
tion of solid in the entrance region. Below the entrance re-
gion, the agreement between time average X-ray measure-
ments and time mean pressure gradient measurements is

Figure 7. Comparison of solid fraction profiles obtained
in different units.

much better. Because of the restrictions imposed by the two
ends of the downer, the particle acceleration in the entrance
region and the deceleration in the exit region result in a rela-
tively uniform axial solid distribution. However, the two-phase
flow cannot be considered to be fully developed.

Local solids flux and particle ©elocity
Data collected with the local solid downflow flux measure-

ment device are plotted in Figure 10. It shows that the solid
flux is small in the central core and relatively constant. The
solid flux in the wall region, however, rises sharply to a large
value near the wall. This is an important difference between
downer and riser flow where the high density wall region is
characterized by low flux values.

Based on the information of the local values of downflow
solid flux and of the solid fraction, particle velocity can be
estimated by

G rrRŽ .s
U rrR s 3Ž . Ž .p w xr 1ye rrRŽ .p

Figure 11 shows the particle velocity profiles given by the
above expression. The dense wall region has a much higher

Figure 8. Micro-view of the Zenklusen et al. experimen-
tal results in a very dilute case.
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Figure 9. Axial solids density profile.

particle velocity than the dilute core in the two-phase down-
flow. Thus, the particle segregation and gravitational force
field provide a dense, fast moving annulus and a slow, dilute
core in direct contrast to riser flow. Plug-flow-like behavior
could only occur in a downflow with a very dilute phase flow,
since the particles move to the wall as in upflow, but speed
up near the wall dragging gas along rather than slowing down.
Note that the particle velocity in the core is lower than the
superficial gas velocity. Since the particles move down faster
than the gas, the gas velocity in the core is considerably
smaller than the superficial gas velocity.

Comparison between downer and riser
The newly proposed downer reactor system has become a

candidate for short residence time reactions, high solidsrgas
feed ratio processes, and catalytic reactions with rapid cata-
lyst deactivation. To evaluate the performance of such a
reactor, comparison between the downer and the riser is es-
sential. The experimental data for a riser used in this com-

Figure 10. Solids flux profile.

Figure 11. Estimate of local solid velocity.

parison was obtained in a riser with a 15.2 cm inner diameter
Ž .Kostazos, 1997 . Because of the relatively small geometry and
dimensional differences between the two vertical systems and
the differences in operating conditions, it is difficult to find
identical operating conditions in the two databases on which
the comparison can be conducted. However, comparisons be-
tween cases which are relatively close provide general trends
which are adequate to show the dramatic differences in flow
patterns between the downer and the riser.

In both upflow and downflow, the high velocity fluidization
regime can be described with ‘‘at higher voidages and slip
velocities, the continuous phase of turbulent fluidization dis-
appears and the solids are only present as discrete particles
or as ephemeral assemblages or clusters of a statistical-hy-

Ž .drodynamic nature’’ Matsen, 1988 . The general criterion for
Ž .the upflow fast fluidized bed riser is that the bed contains

both a dense phase and a dilute entrained phase above it,
Ždescribed as an ‘‘S-shaped’’ density profile Li and Kwauk,

.1980 .
Axial apparent solid fraction profiles measured with differ-

ential pressure transducers in both the downer and the riser
are shown in Figure 12 at the superficial gas velocity of 3.1
mrs and solid circulation rate of 149 kgrm2? s. The positive
value of the ordinate in Figure 12 represents the bed height
of the riser, and the absolute value of the negative numbers
represents the distances from the entrance of the downer. It
can be observed that the overall axial solid fraction profile
along the downer vertical column shows a much more uni-
form distribution than that in the riser. The dense bed in the
riser entrance region and the dilute entrained phase above
make up the typical riser bed. The length of the riser from
the inflection point down to the entrance over which particle
velocity can be changing significantly is typically much longer
than that in the downer. The shorter flow developing region
in the downer would better meet the kinetic requirements of
relative short contact time reactions. Note that the measured
negative apparent solid fraction in the entrance region of the
downer is caused by the particle acceleration effect as pointed
out previously.

It has been found that a core-annulus radial flow structure
occurs in both the downer and the riser. In order to deter-
mine which kind of reactor behaves more plug-flow like, a
comparison of radial solid fraction profiles between the
downer and the riser is shown in Figure 13 at about the same
distances from the bed entrances and the same operating
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Figure 12. Axial apparent solid fraction distribution of
the downer and the riser at U s3.1 mrrrrrs, Gg s
s149 kgrrrrrm2?s.

conditions. It can be seen that the radial solid fraction distri-
bution is much more uniform in the downer than in the riser.
Therefore, gas-solid contact efficiency should be greatly im-
proved in the downer as compared to the riser.

Figure 14 shows the comparison of the local solid flux in
the downer and the riser. Considerable difference can be ob-
served from this chart. Solid flux profiles measured in the
downer indicate that the solid downflow flux is small in the
central core and relatively constant and rises sharply to a large

Figure 13. Radial solid fraction profiles of the downer
and the riser about 3.0 m from the entrances

(under the same operating conditions U sg
2 )3.0 mrrrrrs, G s111 kgrrrrrm ?s .s

Figure 14. Solid flux profiles of the downer and the riser.

value near the wall. This is an important difference between
downer and riser flow where the high density wall region is
characterized by low flux values or even reversed solid flow.
Solid upflow flux in the central core region of the riser has a
very large value, which is in direct contrast to the small
downflow flux in the core region of the downer.

Estimated values of solid velocity in the downer and riser
provide the comparisons in Figure 15. They show that the
riser displays a fast upflowing dilute core and slow, usually
downflowing dense particle annulus. The gas near the wall of
the riser is upflowing which results in large slip velocity. On
the contrary, the dense wall region in the downer has much
higher downflowing gas and particle velocities than does the
dilute core. Thus, the particle segregation and gravitational
force field provide a dense, fast-moving annulus and a slow,
dilute core in direct contrast to riser flow where the dense
annulus is accompanied by low particle velocity. Further-
more, higher solids concentration in the annular region of
the downer leads to higher slip velocity and higher particle
velocity. This is contrary to risers, where a higher slip velocity
results in a reduced particle velocity.

Such flow patterns in the downer may provide a great ad-
vantage over the conventional riser in improving the product
yield and selectivity. For a catalytic cracking process, the cat-
alyst concentration is higher in the downer wall region than

Figure 15. Solid velocity profiles of the downer and the
riser.
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the core region, but the residence time in the wall region is
shorter than that in the core region due to the higher particle
velocity in the wall region. This coupling of solid fraction with
velocity should lead to more uniform cracking across the
whole cross-sectional area.

Conclusions
Measurements of pressure distribution along the downflow

fluidized bed show both particle acceleration and decelera-
tion. The axial profile of solid density is quite uniform. The
X-ray solid fraction measurements and local solid flux mea-
surements indicate the existence of a core-annulus structure
in the bed with a fast moving, dense annulus and a slow,
dilute core. The flow developing region in which the particles
accelerate is shorter in the downer than in the riser. Axial
and radial gas-solids flow structures are more uniform than
those in a riser. Shorter residence time but higher reaction
speed in the downer wall region and longer residence time
with lower reaction speed in the central region result in much
more uniform reaction extent across the sectional area of the
downer, and, therefore, should improve the product selectiv-
ity.
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Notation
Pspressure in gauge, psig
rsradial coordinate, m

Rscolumn radius, m
U sgas superficial velocity, mrsg
U sparticle velocity, mrsp

esbed voidage
r sparticle density, kgrm3

p
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