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A two-dimensional riser with transparent walls has been successfully operated in a CFB loop. Solids flow
structures have been investigated through the glass front wall by means of a motion analysis system. Slugs and gas-
percolated plugs are observed in the dense and dilute regions of the riser respectively. Particle aggregates in the
riser have elongated shapes and are not dispersed but are structured as solids streaks flowing in converging and
diverging branches. The latter appear like small slugs extending on a fraction of the riser width only.

Introduction

Different regions of a CFB riser may be operated
under a variety of hydrodynamic conditions from
bubbling fluidized bed to pneumatic conveying.
Within these extremes there are the so-called “turbu-
lent” and ““fast” fluidized beds. For given apparatus
geometry and gas solids properties, regime transitions
are determined by gas velocity and flow rate of
circulating solids.

A simple representation of varous flow structures
assumes that at one extreme the continuous phase is
made of solids at minimum fluidization velocity,
whereas at the other extreme it is made of gas in which
individual solid particles are dispersed. In inter-
mediate regimes the continuous phase is made of an
expanded solids suspension or of gas in which solids
are suspended at different concentrations.

Measurements with capacimetric and light probes
provide a quantitative basis for such representa-
tion.! =" The local voidage steps up and down from
ex¢,, to e=1in bubbling and slugging beds, whereas
it fluctuates in narrower ranges in high-velocity
fluidization. These measurements, however, do not
clarify whether the continuous phase of the riser is set
up by expanded solids or by gas, a matter which is
relevant to gas solids contact, solids segregation, and
gas and solids mixing. The extension to high-velocity
fluidization of X-ray photography® ~'®’ developed by
Rowe and Partridge'" for a single bubble in fluidized
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particles potentially solves the problem. It might
provide instantaneous mappin'g of voids inside the
bed, but at typical riser velocities more voids interfere,
producing intricate signals which can only be treated
statistically as average local densities of solids.

Two-dimensional transparent risers might clarify
this aspect but the effects exerted by the front and rear
walls on solids flow bring into the problem un-
certainties similar to those pointed out in a study of
the flow of individual bubbles in a flat fluidization
column.'® Therefore, as in similar cases,'® the two-
dimensional technique is here proposed only as a
qualitative step towards the visualization of a com-
plex phenomenon. A similar approach was followed
many years ago by Zenz and Othmer'® in a study of
FCC beds, fluidized at velocities up to about 1 m/s.

Whereas a general consensus is found in the CFB
literature®”>19 with regard to the presence of cur-
tains of solids falling along the walls of cylindrical
risers, different opinions have been expressed with
regard to the flow structure inside the risers.
Yerushalmi, Turner and Squires'® and Li and
Kwauk'® conjecture that particles are segregated in
relatively large clusters of nearby spherical shape or in
dense strands of solids dispersed in a continuum of
dilute phase. Hartge ef al.!” suggest that a mixture of
clusters and voids is present inside the riser. A similar
finding is reported by Horio et al.”

1. Experimental

1.1 Apparatus
The circulating fluidized bed apparatus is schemati-
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cally shown in Fig. 1. Basically it consists of a two-
dimensional riser having 120 x 12mm cross section
and 6.4m height, a solids collecting system and a
100mm ID solids recirculation column. The two-
dimensional fast column has a front wall made of
glass for optical investigation and a rear wall made of
Plexiglas. The latter is equipped with 12 electronic
pressure transducers for determining axial average
solids concentrations. Details of the fast column cross
section, with the position of the pressure tap on the
rear wall, is shown in Fig. 1A. The recirculation
column, also made of Plexiglas, has the dual purpose
of storing solids and providing the driving force for
their circulation in the system. Air fed through a
porous plate distributor at the bottom of the re-
circulation column helps in maintaining the descend-
ing solids in a state of gentle fluidization. Solids are
subsequently injected into the two-dimensional fast
column by means of a 45° inclined Plexiglas pipe,
41 mm ID. This ends with a pipe-fitting which smoo-
thly conveys solids to the fast column through a
75 x 12 mm port. Solids feed rate is fixed at the desired
value by means of a butterfly valve. The fast column
air distributor consists of 5 nozzles (Fig. 1B), each
equipped with a needle valve. Visually, independent
air feed rate regulation eliminates inconveniences
associated with the geometry of the solids feed point,
improving its dispersion in the lower section of the
riser. Air forced at the bottom of the fast and
recirculation columns as well as in other points of the
apparatus is properly humidified. Gas and solids are
separated in the collecting section by means of a set of
two cyclones: the first, a medium-efficiency cyclone, is
made of Plexiglas; the second, a high-efficiency cy-
clone, is made of steel, Gas is exhausted through a
bag filter.

Diverting three-way valves are placed along both
the solids discharge lines of the cyclones to allow
solids flowrate measurements. These valves are oper-
ated with a compressed air actuator. Solids samples,
taken over electronically determined time intervals,
are recharged into the system through the hopper
above the recirculation column. The solids collecting
time is measured by means of a photodiode connected
to a quartz chronometer. Valve diversion time, typi-
cally 1s, is short enough to have negligible effect on
the solids head in the recirculation column and the
solids flow rate in the unit during measurement. The
apparatus is equipped with pressure transducers
and pressure indicators as shown in Fig. 1. Pressure
signals along the two-dimensional fast column, col-
lected by means of DRUCK PDCR 130/C electronic
transducers, are continuously monitored and stored
by a HP 3852A data acquisition/control unit in-
terfaced with a HP 86B computer. Acquisition fre-
quency has been set at 150 Hz. A KODAK SPIN
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Fig. 1. Circulating Fluidized Bed unit. 1) Humidifier; 2)
Demister; 3) Fast column air distributor; 4) Solids control
butterfly valve; 5) Two-dimensional fast column; 6)
Recirculation column; 7) Fines recirculation standpipe; 8)
Three-way solids diverting valve; 9) Solids collecting bottle;
10) Feed hopper; 11) Cyclones; 12) Bag filter. PT = pressure
transducer; PI =pressure indicator; M =manometer.

A) Fast column cross section: B) Fast column air distributor

Table 1. Material and operating variables tested

Glass beads
Material
Particle size range, ym 70-125
Particle Sauter mean diameter, um 90
Particle density, kg/m® 2543
Particle terminal velocity, m/s 0.48
Experimental conditions
Superficial gas velocity, m/s 5 6
Solids mass flux, kg/(s*m?) 122; 220; 303; 420 250
Solids inventory, kg 30 30

PHYSICS SP2000 Motion Analysis System is used at
speeds up to 2000 video frames per second. Each
frame covers a riser front-wall area 120 mm wide and
144 mm high.
1.2 Material and techniques
Properties of glass beads tested are reported in
Table 1 together with ranges of operating variables.
The experimental procedure is the same as that
previously described'®. For a given amount of solids
in the apparatus, superficial gas velocity and solids
mass flux, the axial profile of solids volume fraction
(1-g) is determined from pressure drops with the
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Fig. 2. Pictures of solid flow structure (here and in Figs. 3
and 4, black regions indicate gas phase; white and gray
regions indicate solid-gas suspensions at various degrees of
voidage). Slugs in the dense region of the riser. (U,=5m/s;
recording height =0.60m).

A) G,=220kg/(s-m?): average voidage=0916;: B) G,=
420 kg/(s-m*); average voidage =0.749

assumption that AP=p g(1 —¢)Az. Video films are
recorded simultaneously with pressure measurements
in a time interval of about 10s. at different levels
along the fast column. Captions of Figs. 2, 3 and 4
give average voidages at the level at which video film
recordings were made. Pictures in the same figures
were obtained by means of a digitalization process:
black regions indicate ¢x I; white and gray regions
indicate solids-gas suspensions at various degrees of
solids concentration. The KODAK SPIN PHYSICS
Motion Analysis System allows a frame by frame
analysis of video-recordings. For each video frame a
series of “‘data frames™ are available on the monitor
screen. These include the elapsed time, i.e. the time
elapsed from the beginning of each recorded event,
and the position of the two axes of a movable reticle.
Using these data it is possible to obtain information
about average velocity and size of different solids flow
structures (e.g. sluge, plugs) showing up during video
recordings.

2. Results and Discussion

In spite of wall effects the riser behaviour is, at least
qualitatively, what one would expect if the flat col-
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Fig. 3. Pictures of solid flow structure

Percolated plugs in the dilute region of the riser. (U,=
Sm/s; G,=303kg/(s-m?); average voidage=0.931; recording
height =4.7m)

Fig. 4. Pictures of solid flow structure.

Typical converging and diverging streaks of solids in the
dilute region. (U,=5m/s; G,=220kg/(s*m?); average void-
age=0.951; recording height =4.70 m)
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umn were a diametral slice of the 120mm ID riser
-previously tested.'” Solids are seen to move upwards
through the front wall of the riser, with the exception
of the layers close to the side walls, where the material
generally moves downwards. The motion of these
layers corresponds to that observed at the walls of
cylindrical risers. There is no evidence of solids falling
down along the front wall of the column.

A dilute region extends over the whole riser in
experiments at U,=5m/s and G,=122kg/(s-m?).
Dense and dilute regions are observed in experiments
at U,=5m/s and G,>220kg/(s'm?), and at U,=
6m/s and G,=250kg/(s-m?). Measured voidages
are in the range of ¢=0.749—0.916 in the dense phase
and of ¢=0.918—0.975 in the dilute phase.

Cavities show up with a frequency of 4—5 Hz in the
dense region. They recall slugs in two-dimensional
slugging beds although their walls are not always
clear-cut in the particulate phase, as is shown by the
change of solids concentration around the voids (Fig.
2A). At higher solids concentration the shape of the
slugs is more defined (Fig. 2B).

A sort of upward moving solids plugs, somewhat
percolated by vertical gas streams (Fig. 3), appears in
the dilute region at G,>220kg/(s-m?) with a fre-
quency of about 8 Hz. These plugs are seen for about
209, of the recording time. It is still to be determined
whether they originate from the evolution of the
particulate phase between the slugs developed in the
dense region or are the consequence of phenomena
entirely occurring in the dilute region. Moreover, it
should be also ascertained whether streaks of solids
typical of the dilute region (Fig. 4) are generated by
the plugs or are the result of perturbation of the flow
inside the slugs, or both.

It is noteworthy that percolated plugs interfere in
the dilute region with lateral layers of solids moving
downstream. Plugs collect these solids so that fresh
material from the interior of the riser can reach side
walls. This finding could be suggestive of key mech-
anisms in heat and mass transfer phenomena inside
a CFB.

Isolated solids aggregates do not appear in video
recordings of the dilute region of the riser even in
the case of low solids concentrations (e=0.975).
Instead, solids segregate into streaks which move,
somewhat inclined to each other, from one side to the
other of the column cross section.

Two streaks originated somewhere from the riser
axis may converge into a single streak, whereas a
streak may divide into two diverging streaks, prob-
ably because of flow instabilities. This sets up a
coherent net structure (Figs. 4A and 4B). Video re-
cording analysis shows that individual meshes of the
net can be seen as elongated bubbles or more properly
as void wedges eventually turning into small, small-
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Fig. 5. “Slug” sizes.

A) Width distribution of “slug” wakes; B) Wake width of
“slug™ at various distances from bed axis

(U,=5m/s; G,=122kg/(s-m?); average voidage=0.975; re-
cording height =4.7 m)

scale “slugs”. Each of these “‘slugs” is confined by
nearby “‘slugs” or by solids layers along the side walls.
The noses of these unusual “‘slugs” travel up at
velocities higher than solids velocities in the wakes.
The width of a wake increases as the distance from the
noses increases, until the “slug” merges into other
wakes or noses of interacting “‘slugs”. A comparison
of video recordings of flows at various G, shows that
network structure vanishes at low solids concen-
trations in the riser.

Wake widths of “slugs’ measured at their largest
values are within the range of 5 to 70mm. For a
sample of 100 “‘slugs” the most probable wake width
is between 10 and 20 mm, as indicated by the prob-
ability densities in Fig. S5A. Figure 5B suggests that
wakes of these sizes shown up with approximately
uniform distribution within a distance x from the axis
between x = —40 mm and x= +40 mm. Larger wakes
appear in narrower intervals. “Slugs” with wakes as
large as 60 mm only appear when their axis is more or
less the same as the riser axis. It is likely that the
observed distribution of locations of “slugs” of dif-
ferent size is influenced by the presence of side walls of
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the column and by descending solids layers down such
walls.

Rise velocities of the 100 “‘slugs” whose wake
widths are reported in Figs. 5A and 5B are shown in
Figs. 6A and 6B. They are within the range between 4
and 9m/s. The more probable “slug” velocity is about
7m/s, i.e. a velocity 40% larger than superficial gas
velocity U, in the riser. This finding is in agreement
with results by Hartge et al.'” and Horio et al.” for
cylindrical risers. The exceptionally high values of
“slug” velocities in respect to U, might be explained
as the result of uneven gas flow across the riser similar
to what happens in vigorously bubbling beds.*”
Velocities of “‘slugs” vary with their location with
respect to the riser axis. Higher-velocity “‘slugs” show
up at x=0mm.

Conclusions

Digital image processing of video recordings of
solids flow in a two-dimensional transparent riser
provides useful informantion on the structure of fast
fluidization in a CFB.

Slugs similar to those of an ordinary slugging bed
are observed at the bottom of the riser when a dense
region is present. Percolated plugs, which might have
a key role in the transfer mechanism at the CFB walls,
develop in the upper dilute region of the riser.

Isolated solid aggregates are not shown by the
video recordings. Solids segregate into streaks, orig-
inating a coherent network structure whose meshes
can be seen as unusual, small-scale “slugs”. These are
generally smaller than the column width and move
considerably faster than gas superficial velocity in the
riser.

Acknowledgement

This paper was partially supported by the Progetto Finalizzato
Energetica-2, CNR-ENEA, Roma. However, any opinion, finding,
conclusion or recommendation expressed herein is that of the
authors and does not necessarily reflect the views of CNR and
ENEA.

Authors are indebted to Dr. G. Raso for his fruitful discussion
and to Mr. S. Russo and to Mr. T. Bencivenga for their helpful
assistance respectively in operating the video-camera and setting up
the electronic apparatus.

Nomenclature

g = acceleration due to gravity [m/s?]
G, = solids mass flux [kg/s*m?]
aP = pressure drop [Pa]
U, = superficial gas velocity [m/s]
X = lateral distance from bed axis [m]
z = riser height coordinate [m]
g = voidage [—1]
Epy = voidage at minimum fluidization [—]
Py = solids density [kg/m?]
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Fig. 6. “Slug” velocities.

A) “Slug” velocity distribution; B) ““Slug” velocity at various
distances from bed axis
(U,=5m/s; G,=122kg/(s*m?); average voidage=0.975; re-
cording height=4.7m)
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