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The hydrodynamics and flow regimes identification in fast-fluidized bed for single systems consisting of
FCC, sand, coal, iron ore and mixed systems of FCC-sand and coal-iron ore were investigated in a perspex
column (0.1016 mID x 5.62 m high). The real voidage profiles have been found out by incorporating gas
and solid friction factor and shear stress at the wall of column in the momentum balance equation. To
study the flow regimes, the transport velocity (Ui ) was determined from the (AP, /L)-U;—-Gs relationship.
The gas velocity at which solid hold-up in the upper dilute region exhibits a maximum value is defined as
the fast transition velocity (Urs) and the transition velocity to pneumatic transport as Ugp. In the present
work, two correlations have been proposed for both the transition velocities. It has been found that the
proposed correlation is in good agreement with experimental values of axial voidage.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fast-fluidized bed (FFB) has wide range of applications in petro-
chemical, mineral and metallurgical industries. A large number of
reporting has been done on various aspects of CFB, especially on
the hydrodynamics of the fast-fluidized bed [ 1-9]. Each CFB system
is unique in its character and marked by some stable operational
features. A CFB needs the creation of some special hydrodynamic
conditions, namely a certain combination of superficial gas veloc-
ity, solid circulation rate, particle diameter, density of particle etc.
which can give rise to a state wherein the solid particles are sub-
jected to an upward velocity greater than the terminal or free fall
velocity of the majority of the individual particles.

The fluidized bed displays different hydrodynamic flow regimes,
from bubbling to pneumatic conveying depending on the superfi-
cial gas velocity. Various attempts have been made to see the flow
regimes of gas solid suspensions on a single diagram in order to
show how the regimes are related to each other. In practice, differ-
ent workers had developed phase diagrams with widely differing
view points of the same phenomena by plotting constant value lines
of a parameter of interest as a function of two independent flow
variables. Properties included gas flow rate, solids flux, voidage,
pressure gradient, solid loading ratio etc. For specific piping system
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aeration rate, valve opening and overall system pressure drop are
also important. However, studies in the fast fluidization regime are
comparatively scant and hydrodynamic aspects like axial voidage
profile are not well understood. Yerushalmi et al. [10] presented
a qualitative fluidization map for fine solids in a sufficiently large
bed where instability was absent. They plotted the slip velocity ver-
sus solids volumetric concentration, depicting different fluidization
regimes, namely bubbling, slugging, turbulent and fast fluidization.
The figure showed that a narrow turbulent regime exists, which was
distinct from the fast bed regime. They also expand their phase
diagram by including the dilute-phase pneumatic transport and
choking. The phase diagram of Takeuchi et al. [11] defined the fast
fluidization region as one bounded by two gas velocities that they
termed Ugr and Upt. The phase diagram was plotted for FCC parti-
cles with the co-ordinates of solid circulation rate and superficial
gas velocity. Ugr was defined as the gas velocity below which solid
circulation flux cannot be maintained constant while decreasing
the riser gas velocity. They defined this as onset of fast fluidization
regime. Upt was characterized as the gas velocity at which pressure
gradients measured at different heights in the riser; approach a con-
stant value for given solids mass flux. Bi and Grace [12] proposed
a practical definition of CFB regime: fast fluidization and dense
phase conveying. Utilizing the variation of pressure gradient against
the superficial gas velocity in both the dense and dilute phase of
the bed, the transition velocities were found out. They proposed
flow regime maps, which includes homogeneous dilute-phase flow,
core-annular dilute-phase flow and fast fluidization. The choking
velocity sets up the separation line between fast fluidization and
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Nomenclature

Ar Archimedes number, d2 pg(ps — pg)g/1? (-)

dp average particle diameter (m)

dp particle diameter (m)

Dy column diameter (m)

fe gas friction factor

o particle friction factor (-)

fs solids friction factor

FCC spent FCC catalyst

g acceleration due to gravity (m/s?)

g conversion factor

Gg gas mass flow rate, Ugpg (kg/m? s)

Gs solid circulation rate (kg/m?s)

Gstr solids flux at transport velocity (kg/m? s)

L height of the column (m)

Lace accelerating (or mixing) length (m)

APL pressure drop in lower part of column (kPa)

APr total pressure drop in riser (kPa)

APy pressure drop in upper part of column (kPa)

R Reynolds number, pgdpUg/ (-)

R Radius of the riser (m)

Re Reynolds number, dpUgpg/4g

Rep particle Reynolds number, dpUp pg/tig

Rey Reynolds number at terminal settling velocity,
dpUtpg/iig

t time (s)

U choking velocity (m/s)

Upt transition velocity between turbulent and fast-
fluidized bed (m/s)

Urp transition gas velocity between fast-fluidized bed
and pneumatic transport (m/s)

Ugr transition velocity between fast-fluidized bed and
pneumatic transport (m/s)

Ug superficial gas velocity (m/s)

Us solid velocity (m/s)

Ut single particle terminal velocity (m/s)

Ut terminal settling velocity (m/s)

Ut transition velocity between turbulent and fast flu-
idization (m/s)

Uyr transport velocity (m/s)

Wi solids rate (kg/s)

Greek letters

£ voidage

" gas viscosity (kg/ms)

Pp solid density (kg/m?3)

Os solid density (kg/m?3)

Tw wall shear stress (kPa/m)

dilute-phase pneumatic transport whereas the mechanism of tran-
sition from fast fluidization to dense-phase flow depends on the
column and particle diameters. Llop et al. [13] has analyzed the
correlations available for calculating different regime velocities.
Based on their adequacy a simple map is proposed for the operat-
ing conditions over which each fluidization regime exists. Zijerveld
et al. [14] have experimentally identified seven-fluidization regime
of a pictorial fluidization diagram. Namkung and Kim [15] divided
the fast fluidization regime into the fast transition and the fully
developed fast fluidization region. They proposed a separating line
between the two regions. Glass et al. [16] for the first time intro-
duced particle image velocimetry (PIV) to produce vector maps of

the gas-phase flow in the freeboard region of fluidized beds. Ge and
Li [17] used energy minimization multi-scale model for physical
mapping of fluidization regimes. Monazam and Shadle [18] ana-
lyzed the transient pressure drop data across the riser of CFB and
found the three distinct operating regimes within the bed. Kim et
al. [19] proposed a new regime map distinguishing the fast flu-
idization, dense suspension up flow (DSU) and dilute pneumatic
transport flow regimes.

In the present study based on the analysis of generalized pres-
sure gradient versus superficial gas velocity, both at the lower and
upper sections of the bed, a practical definition of the flow regimes
in a CFB, similar to that by Bai et al. [8] is presented. The fast tran-
sition velocity and the transition velocity to pneumatic transport
have been correlated. The choking phenomenon has been stud-
ied from the pressure gradient versus superficial gas velocity as
reported by Yousfi and Gau [20], Nakamura and Capes [21] and Das
etal. [22].

The common features in each group of CFB application are that
they are operated with bed solids that are not identical. However,
no studies on wide range of particles in CFB have been reported so
far. Therefore, in the present studies an attempt has been made to
study the hydrodynamic characteristics of a CFB with mixed type
of particles (binary systems) like FCC-sand and coal-iron ore and
for single systems like sand of various sizes, FCC catalyst, iron ore
and coal. Based on gas-solid momentum balance in the riser, a dis-
tinction between apparent and real voidage has been made. The
effects of acceleration and friction on the real voidage have been
estimated.

2. Experimental set-up and techniques
2.1. Experimental set-up and procedure

A circulating fluidized bed made of transparent perspex was
used as the experimental apparatus. It consisted of ariser, a cyclone
and a bag filter to separate the fines, a down comer, a slow bed
and the transfer line connecting the slow and fast bed. The solids
after passing through the fast bed in the riser gets separated in
the cyclone and bag filter, descend downwards through the down
comer and are collected in the slow bed and then transferred
back into the riser. The CFB system being used here is schemat-
ically shown in Fig. 1(a) and pictorial set-up shown in Fig. 1(b).
The detailed equipment characteristics are presented in Table 1.
In actual practice air at controlled rates is supplied to the fast bed
of CFB (0.1015 m diameter x 5.83 m in height) from a root blower
through a multi-hole distributor plate having 12% open area. A small
amount of air from the air bypass line is also sent to the slow bed
to keep it at minimum fluidizing condition. For smooth transfer of
suspended solids dispersed in air from riser column to slow bed
and then send the solids back to the riser column a transfer line
inclined at 60° with the horizontal is placed. The transfer line with
a control valve is used to regulate the flow of solids independently.
A butterfly valve is used to measure the solid circulation rate in the
present case for obvious reasons like simplicity in operation and
no loss in the solids that are circulated back into the riser. For the
measurement of axial pressure around the CFB loop 21 pressure
taps in the column wall are connected to water manometers. The
superficial gas velocities into the riser and slow beds are measured
by pressure drop measurements across standard calibrated orifice
meters installed in the air supply lines. Under steady state condi-
tions during experiment solid circulation rate, gas velocity in the
riser and all the manometer readings for static pressure are noted.
By varying the solid circulation rate and riser gas velocity, different
sets of reading are taken.
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Table 1
Equipment characteristics

Riser column Slow bed column

Solid transfer line

Cyclone Re-circulating column

Diameter=0.2032 m
Height=1.88 m

Diameter=0.1016 m
Height=5.62m

Diameter=0.1016 m
Height=0.42m

Diameter=0.1016 m
Height=2.22m

Diameter=0.258 m
Height=0.99m

2.2. Materials and operating conditions

To study the hydrodynamic behaviour of single systems sand
of various sizes (80, 300, 417, 522, 599 and 622 p.m), FCC catalyst
(120 wm), iron ore (166 and 140 wm) and coal (335 and 168 pm)
have been used. The solid inventory to the bed has been made
between 16 and 20 kg. For the mixed (binary) systems experiments
were carried out with five different bed materials. The desired
fractions of sample are prepared by grinding and screening the
materials through the various wire mesh sieves. The first class of
bed material is composed of quarts sand and spent FCC catalyst.
Three samples of sand-spent FCC mixture each of 18.0 kg inven-

(@)
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B: GLOBE YALVE

C: FLOW CONTROL VALVES
D: ORFICE METERS

EF : DISTRIBUTOR

G: FAST BED COLUMN

H: SLOWBED COLUMN

|: BUTTERFLY VALVE

J: CYCLONE SEPARATOR
K:BAGFILTER

L : SOLIDS TRANSFER VALVE
1-21 : PRESSURE TAPS

tory with various mass percentage of sand ranging from 20% to
80% were used. Two class of bed material each of 18.0kg com-
prises of a binary mixture of coal (80% by weight) and iron ore
(20% by weight). The later class of bed material thus has differences
both in sizes and densities and the same size but different den-
sities. Superficial air velocity ranged between 2.01 and 4.681 m/s
and corresponding mass fluxes were 12.5-50 kg/m? s. Experiments
were carried out with five different bed materials along with the
operating conditions that are listed in Tables 2 and 3 for single
particle and mixed particle systems, respectively. The gas veloc-
ity in the riser can be varied by regulating the valves in the air
lines. Solid circulation rate is controlled with the help of the

@—'
@

Oz

—®

Fig. 1. (a) Schematic of the experimental set-up. (b) Pictorial view of experimental set-up.
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Fig. 1. (Continued).

valve in the transfer line, which can be opened partially or fully.
Solid circulation rate is measured with the help of butterfly valve.
Solid circulation rate is measured by closing the valve momentar-
ily and noting the solids accumulated on the valve plate against
time.

3. Results and discussions

Experiments were conducted for static pressure profile and
voidage profile in the velocity range 2.01-4.02 m/s and solid cir-
culation rate 12.5-50.0 kg/m?2 s. Both group ‘A’ (FCC catalyst) and
group ‘B’(coal, iron ore and sand) materials and mixed systems con-
sisting of FCC-sand and coal-iron ore have been used to study the
voidage variation as a function of air velocity and solid circulation
rate.

Figs.2-5 show some of the voidage profiles along the riser height
for the single systems. The voidages in these cases, termed as appar-
ent voidages, have been calculated from the measured pressure
gradient, assuming negligible acceleration effect and shear stress
at the wall. Thus,

= =pp(1-e (1)

3.1. Effect of air velocity on voidage profile

The effect of air velocity on voidage profile is apparent in
Fig. 2 at constant solid circulation rate. It shows that as velocity
increases from 2.907 to 4.681 m/s, voidage increases from 0.97-0.99
to 0.98-0.999. This type of effect is observed because, as the air

velocity increases, there will be a large carryover of particles and
hence voidage increases.

3.2. Effect of solid circulation rate on voidage profile

The effect of solid circulation rate on voidage is apparent in
Fig. 3 at constant velocity for the systems. As the solid circula-
tion rate is increased from 24.75 to 50 kg/m? s, voidage profiles
showed a decreasing trend along the riser height. This can be
explained possibly, as the solid circulation rate increases, more
amount of solid present along the riser height and hence voidage
decreases.

3.3. Effect of particle size on voidage profile

Fig. 4 shows the effect of particle diameter on the voidage profile
for air-sand system. At constant solid circulation rate and constant
fast bed air velocity, voidage profile is being compared for particle
diameters 300, 417, 521 and 622 pm. It is found that the bottom of
the riser is denser for larger size particles. This can be explained as,
at the riser bottom both the large and fine particles are present and
fine particles are embedded in large diameter particles and hence
the voidage decreases.

3.4. Effect of particle density on voidage profile

Fig. 5 shows the effect of particle density on the voidage pro-
file for air-FCC, sand and iron ore. At a constant fast bed velocity
of 2.01 m/s and solid circulation rate of 20.58 kg/m? s, the voidage



M. Das et al. / Chemical Engineering Journal 145 (2008) 249-258

Table 2
Physical properties and operating conditions of bed materials (single particle system)

253

Bed materials  Particle size distribution ~ Particle diameter (p.m)

CFB inventory (kg)

Density (kg/m3)  Bed composition (%) Upne (M/s) Us (m/s)  emf

Single particle system
FCC —30+52=7%
—52+72=20.61%
—72+120=72.39%

119.6 18

—30+52=7.61%
—52+72=23.46%
—72+100=16.54%
—100+200=52.39%

Sand 471.2 17

—300+240=9.63% 166 20
—240+200=12.36%

—200+150=3.01%

—150+120=13%

—120+100=62%

Iron

—30+52=65.87% 215 18
—52+72=20%
—72+100=14.13%

Coal

—-30+36=30.67%
—36+52=29.33%
—52+60=19.04%
—60+72=6.31%
—72+100=6.2%

Sand 300 17.5

—30+52=761% 417 18
—52+72=23.46%

—72+100=16.54%

—100+200=52.39%

Sand

Sand —22+25=100% 522 18

—16+22=7.61%
—22+30=20.13%
—30+44=21.64%
—44+60=29.22%
—60+72=10.17%
—72+100=3.9%
—100+200=2.38%

Sand 622 19.5

1672 100 0.05 0.40 0.38

2668 100 0.131 4.01 0.44

5192 100 0.034 221 0.44

1150 100 0.078 2.08 0.45

2635 100 0.063 1.2 0.44

2549 100 0.122 1.2 0.45

2549 100 0.122 2.86 0.45

2590 100 0.122 1.4 0.45

profile has been compared for three systems with iron ore being
the densest of the three. It is found that with iron ore the riser bed
is less dense as the riser height rises. This can be explained that
dense particles are heavier enough to move along the riser and as
a result voidage is more pronounced for them.

4. Real voidage profile in fast-fluidized bed
The riser can be divided into three sections: an acceleration

zone, a developed flow zone and a deceleration zone. The decel-
eration zone is normally present when the riser is equipped with

Table 3

Physical properties and operating conditions of bed materials (mixed particle system)

an abrupt exit configuration. In the present case, the riser was fitted
with a smooth elbow-type of exit and so the deceleration zone is
absent. The developed flow zone has been extended up to the exit
end. Neglecting gas inertia and gravitation, the gas-solid mixture
momentum equation can be written as

dPT 4ty dUS

EJFDit*Pp(l*S)gJFWs(H)—O (2)
Expressing the wall shear stress in terms of solid and gas compo-

nent wall friction factors, fs and fg, Eq. (2) can be integrated between

Bed materials Particle size distribution ~ Particle diameter (wum)  CFBinventory (kg)  Density (kg/m3)  Bed composition (%)  Ups(m/s)  Ur(m[s)  &pf
Mixed particle systems
FCC-sand FCC (119) 16 1805 80%-FCC 0.131 2.16 0.44
Sand (471) 20% sand
FCC-sand FCC (119) 18 2049 50%-FCC 0.131 2.16 0.44
Sand (471) 50% sand
FCC-sand FCC (119) 18 2365 20%-FCC 0.131 2.16 0.44
Sand (471) 80% sand
Coal-iron ore Coal (335) 20 1780.87 80%-coal 0.122 1.4 0.45
Iron ore (140) 20%-iron ore
Coal-iron ore Coal (168) 20 1780.87 80%-coal 0.122 14 0.45

Iron ore (166)

20%-iron ore
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Fig. 2. Voidage profile along the riser: effect of superficial gas velocity (system:
air-FCC).

two points of the riser and written in final form:

L G? L
APy = 1-e)gdl+ | ———
T /Opp( g ['OPUS)L

L ) L 2 G2
Y LT JeCs 4, 3)
0 pp(l - S)Dt 0 ngDt

4.1. Voidage in the accelerating zone

At the riser bottom, in the present case, an acceleration zone
persists up to a considerable portion of the riser length. Up to the
length of acceleration zone, (Lacc), the total pressure drop can be
written on simplification of Eq. (3) as:

Lacc Lacc _ 2
APy :/ pp(1_g)gdL+/ 2 = &)opUs
0 0 D¢

Lacc 2

2fseppU

+ Heerols ) + pp(1 — &)U2 (4)
0 D¢

The acceleration pressure drop thus consists of four terms: solid
particle gravity, gas friction, solid friction and kinetic energy of
solid particles at the accelerating length. The voidage (real) ¢, in
the above equation can be evaluated if the particle velocity Us is
known. The solid particle velocity in the present case is obtained
from the relationship:

~ pp(1—¢)

Further, to solve for the evaluation of real voidage in the accel-
eration zone of the riser using Eq. (4), the solid friction factor fg

Us (5)

6| System:Air-FCC
U_=2.907m/s &
[ —m— G _=24.75kg/m’s
5 —e— G _=45.38kg/m’s *
i G =50kg/m’s
s 4.
4=
4
3

Height along the riser, m

2
1k

o
0 " 1 5 [] o [ 5 1 " [
0.95 0.96 0.97 0.98 0.99 1.00

Voidage
Fig. 3. Voidage profile along the riser: effect of solid circulation rate (system:

air-sand).

and the gas friction factor fg are required. Yang [23] proposed the
following empirical equation for the vertical pneumatic conveying:

3 -0.979
fs(]%) —0.0126 [(1 - s)geﬂ , % > 1.5 (6)
83 Ret -1.021 Ut
o gy = 0-0410| (1 &)t L g<1s )

Eqgs. (4)-(7) were solved iteratively to evaluate ¢ (real).

4.2. Voidage in fully developed zone

Above the accelerating zone, the kinetic energy of solid particles
can be neglected. Incorporating the static head for gas, Eq. (4) is
modified to

L L
APr = / pp(1—¢)gdL +/ pgegdL
Lacc Lacc

L L
L[ A =eppUE [ HeEnslg )
LBCC Dt Lacc Dt

The fully developed zone in the riser section (indicated by appar-
ent voidage profile) of a circulating loop appears to behave like
a dilute-phase vertical pneumatic transport line and so, the cor-
relation developed by Yang [23] for such beds can be employed.
Thus, the particle velocity, beyond the acceleration region, can be
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Voidage profile along the riser: effect of particle diameter (system: air-sand).
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Fig. 5. Voidage profile along the riser: effect of particle density.
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Fig. 6. Comparison of apparent and real voidages.

expressed as

UZ
Us = U - Ut (1 + fg5t>g4'7 9)

Eq. (8) in conjunction with Egs. (9), (6) and (7), are solved itera-
tively for the evaluation of voidage (real) in the developed zone. It
is evident that there is perceptible difference between the apparent
and real voidages. This is more evident when the data are plotted as
presented in Fig. 6. It can be seen from above figure that above 1.9-
2.26 m riser height, the apparent and real voidage profiles merge
together.

5. Identification and characterization of various regimes in
a CFB

To identify various regimes in a CFB qualitatively, Bai et al. [8]
used the generalized pressure gradient versus superficial gas veloc-
ity diagram showing plots of both the lower and upper sections of
the bed. This is shown in the Fig. 7. When the gas velocity is low, the
bed operates either in the bubbling or turbulent fluidization regime.
In this case, a distinct bed surface separates the bed from the free
board where the concentration of solid is very low. As the gas veloc-
ity is increased above the turbulent fluidization regime, the solids
from dense bottom are elutriated thereby sharply decreasing the
pressure drop per unit length (AP, /Ax). This is represented by OA
in the figure. Consequent upon this decrease, the solids in the upper
free board accumulate more and more so that the pressure drop per
unit length (APy/Ax) increases significantly (shown by CT in the
Fig. 7(a)). Finally, a gas velocity is approached when it becomes sat-
urated with solids. At this instant, there will be rapid dilution due
to sharp increase in the rate of solid entrainment and the recycle
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Fig. 7. Generalized pressure gradient versus superficial gas velocity for lower and
upper bed-sections.

cease due to absence of solids. If the gas velocity is increased further,
both AP_ and APy curves move downwards and merge at point F
(Fig. 7(a)). After certain velocity, the difference between the dense
phase at the bottom and dilute phase at the top will no longer exists
and a transition to dense phase conveying will occur.

The central point in Fig. 7(a) (ATF) represents the fast fluidiza-
tion zone. It strongly depends on the solid circulation rate for the
given gas-solid flow system. The difference between the transition
velocities (Urr and Upp) decreases with a decrease in solid circula-
tionrate (Fig. 7(b)). If the solid circulation rate is very low (Gs < Gstr ),
the transition from bubbling/turbulent bed to fast fluidization may
not occur at all and the bed transforms directly into dense phase
conveying system (Fig. 7(c)). This condition (Ui and Gsty ) is referred
to as the minimum condition for fast fluidization.

It is obvious that a fast-fluidized bed operates between Ut and
Upp. But if G is reduced, the difference between Urr and Ugp also
narrows down and there may be a value of G when Urg and Ugp
become equal and the bed transforms from fast bed to pneumatic
conveying. Thus, to operate a CFB in the fast-fluidized regime, the
following conditions should be met:

Ug > Ui, Gs > Gger and Utr < Ug < Upp (10)

Plots of pressure and voidage profiles along the length of riser
have been discussed. Based on these data, pressure drop per unit
length of the riser can be obtained. The plots of (AP/L)-Ug—Gs
remain, in the present case, in the ATF region (Fig. 7), i.e. fast-
fluidized zone and dense phase conveying zone. Some of the plots
(Figs. 8-10) of (APL/L)-Ug-Gs have been given for single and mixed
systems which also clearly support the statement.
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Fig. 8. Variation of Ap/AL with superficial gas velocity (system: air-coal).
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Fig. 9. Variation of Ap/AL with superficial gas velocity (system: air-iron ore).




M. Das et al. / Chemical Engineering Journal 145 (2008) 249-258 257
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Fig. 10. Variation of Ap/AL with superficial gas velocity (system: FCC-sand).

5.1. Transition velocities

The experiments have shown that the transition velocity Urp
depends not only on the gas—solid properties but also on the solid
circulation rate and bed diameter. Based on these data, the follow-
ing empirical correlation for Urg has been proposed (which has a
standard error of estimation of 0.14 and correlation coefficient of
0.91).

G 0.03
Rerr = 0.541(Ar)° % [ =5 1
TF (Ar) poUc (11)

where,
Gs

63 <Ar<927 and 2< | —— | <254
pgUt

The transition velocity (Ugp ) between fast fluidization and dense
phase conveying is also affected by the solid circulation rate, bed
material properties and column diameter. As in the previous case,
the present data has been used to develop the following correla-
tion (with a standard error of estimation of 0.14 and correlation
coefficient of 0.915).

G 0.0043
Repp = 0.572(Ar)48 [ =5 12
D (Ar) peUs (12)

where,

64 <Ar<10897 and 2< Cs <97
PgUt

5.2. Choking velocity (U,)

Choking represents a demarcation between operationally and
hydrodynamically different flow regimes. Choking thus, can be
defined as the point in AP/L versus Ug plot, where either a slight
decrease of transport velocity at the same solids rate or a slight
increase of solids rate at a fixed transport velocity will increase
the pressure drop in the transport line exponentially. Because of
substantial pressure fluctuations in the riser at choking condition,
determination of the choking point is quite difficult. Yousfi and Gau
[20] defined choking as a state in which the solids slugs extended
over the entire pipe cross-section that could visually be observed.
Nakamura and Capes [21] observed slugging phenomena occur-
ring in a vertical gas-solid flow much below the velocity, at which
internal solids circulation occurs. To characterize the choking phe-
nomena quantitatively, the local static pressure was measured in
the upper (AP, between pressure taps 10 and 11) and lower (AP,
between taps 3 and 4) sections of the riser column.

In uniform dilute flow, the frictional pressure drop prevails and
there is no drift between mean values of pressure measured in the
upper and lower sections of the riser (Fig. 8). With decreasing gas
velocity, formation of an annular dense flow can be observed, with
the layer of particles in the vicinity of the wall flowing downwards.
An increase of particle concentration in this layer leads to the for-
mation of cluster particle, which can transfer to the lean core at
the center of the riser. Further decrease in gas velocity leads to
the segregation boundary in the column. A local hold-up increases
throughout in the riser axially as well as radially. At this point,
considerable difference can be observed between AP, and APy
(Figs. 9-10). If the gas velocity is reduced below C, particles start
to accumulate at the bottom section of the column due to imbal-
ance between the solids feed rate and the transport capacity of the
gas. This may be defined as the choking effect. The velocity U, is
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Fig. 11. Comparison of calculated and experimental choking velocity (U, ).



258 M. Das et al. / Chemical Engineering Journal 145 (2008) 249-258

called the choking velocity. Below this velocity, the solids form a
bubbling (or slugging) dense bed. The local pressure drop at the
bottom (AP) increases steeply (due to higher solid hold-up) with
decreasing Ug. However, the local pressure drops (APy ), measured
above the bubbling dense bed line, decreases with decreasing Ug
due to low transport capacity of the gas. Thus, the (AP/L), versus
Ug plots can be used to determine the value of Ug,.

All the choking data available in literature have been plotted
in Fig. 11 for the sake of comparison. It is found that these data fall
between the two demarcating lines, namely the particle friction fac-
tor at choking (fp )c equal to 0.01 and 0.04. The majority of the data
fit with the line at (f,)c =0.04. The onset of internal solids circula-
tion fit better with the line at (f, )c =0.01. Barring a few exceptions,
most of the present data lie well within these two demarcating
boundaries.

6. Conclusions

In the present investigation, the hydrodynamics of fast fluidiza-
tion have been studied thoroughly by using Geldart’s group A, group
B and group A and B mixed type of particles in a CFB system. The
hydrodynamics have been studied with wide size distributions of
particles. The longitudinal voidage profiles indicate an exponen-
tial decay along the riser of CFB. Based on the momentum analysis
of gas—solid mixture along the riser, an attempt has been made to
predict the ‘real’ voidages both at the bottom and top of the riser.
The difference noted between the apparent and real voidages at the
bottom of the bed has been attributed to the accelerating particle
pressure drop. Results indicate that above 1.9-2.26 m riser height,
the apparent and real voidage profiles merge together.

Wide size distributions of particles are likely to affect the regime
transition. Regime identification as well as chocking phenomena
presented for large size range particles. Correlations for regime
transition velocities (onset of fluidization and beginning of dense
phase transport velocity) have been proposed.
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