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Abstract

Experiments were conducted in a liquid—solid circulating fluidized bed (LSCFB) of 80 mm i.d. and 2.8 m high to study the macroscopic flow
structure over a wide range of liquid velocity and solids inventory in the storage vessel. The results indicate that the valve configuration (i.e. lift
pot and the angle made by the solids feed pipe with the riser), solids inventory in the storage vessel and location of the primary liquid distributor
were found to play an important role on the macroscopic properties of LSCFB. Dynamic leak, flow of solids from the return leg into the riser
in the absence of auxiliary liquid flow, has been noticed at very high liquid velocities when the primary liquid distributor inlet (positioned at the
bottom of the riser) is near to the solids feed pipe from the storage vessel. The dynamic leak was prevented by changing the position of the primary
distributor inlet and the macroscopic flow behavior with and without dynamic leak was compared. The transitional liquid velocity that demarcates
the conventional fluidization from the circulating fluidization was determined by three different methods and was found to be independent of solids

inventory and dynamic leak.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Liquid—solid circulating fluidized bed (LSCFB) consists of a
riser, downcomer (or storage vessel), liquid—solid separator and
other auxiliary devices. Usually the riser is operated at liquid
velocities higher than the terminal velocity of the particle and
the downcomer is operated at low velocities either in packed or
conventional fluidized bed regime with continuous circulation
of solids between the riser and the downcomer. LSCFBs enjoy
number of advantages, such as they minimize the dead zone
and increase the contacting efficiency between the liquid and
solid phases in the riser. These advantages result in consider-
able increase in fractional conversion as well as the production
efficiency per unit cross-sectional area of the system.

LSCFBs find potential applications in physical, chemical and
biological processing [1]. In the synthesis of linear alkyl benzene
[2-6], the main alkylation reaction takes place in the riser with
simultaneous deactivation of the solid catalyst and the deac-
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tivated catalyst is regenerated in the downcomer by another
stream. The reactivated catalyst is fed back into the riser from
the downcomer. Similarly, in the case of continuous recovery of
proteins from un-clarified whole broth [7-9], the adsorption and
desorption (regeneration) of proteins are carried out separately in
the downcomer and the riser, respectively, in a continuous mode
with ion exchange particles circulated between the two columns.
For the removal of biological nutrient from waste water, solid
particles with biofilm are circulated between the riser where
nitrification occurs and the downcomer where de-nitrification is
carried out simultaneously [10].

For the development of an appropriate model and design of
a liquid-solid circulating fluidized bed as a reactor or a contact-
ing device, estimation of various transport properties, kinetic
and mixing parameters are required [6,11]. The mixing char-
acteristics and the transport properties depend strongly on the
hydrodynamics. Hydrodynamics include flow regime, flow pat-
tern of the each phase, solids circulation rate, phase holdup
distribution, etc. Since the riser of a LSCFB is accompanied by
the downcomer with continuous circulation of solids between
them, the above hydrodynamic variables in the riser in turn
will depend on the structure of the solids feeding system, liquid
distributor design and solids inventory in the downcomer.
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Nomenclature

Cp effective drag coefficient

Gy solids circulation rate (kg/m2 S)

H bed height from the auxiliary distributor plate (m)

n Richardson and Zaki index

APIAZ static pressure gradient (Pa/m)

Uy total superficial liquid velocity (m/s)

Un primary liquid velocity or main liquid velocity
(m/s)

Un secondary liquid velocity or auxiliary liquid
velocity (m/s)

Ulc critical transition velocity from conventional to
circulating fluidization regime (m/s)

Uy critical transition velocity from circulating to
transport bed regime (m/s)

Us particle circulation rate expressed as superficial
particle velocity (m/s)

Ustip experimental slip velocity (m/s)

Ui particle terminal velocity (m/s)

Greek letters

€ experimental bed voidage

g bed voidage predicted for homogeneous fluidiza-
tion

&g average solids holdup in the riser

&1 sectional solids holdup along the riser

For the operation of LSCFB, one needs two liquid streams at
the bottom of the riser. While one stream acts as a main fluidizing
media into the riser, the other regulates the solids flux from the
downcomer into the bottom of the riser. Two different types
of liquid distributor arrangements are reported in literature. In
the first arrangement, primary liquid is sent through a pipe type
distributor from the bottom of the riser and secondary liquid is
sent through a distributor plate at the side of the riser [12—18]. In
this arrangement, the solids feed pipe connecting the riser and
downcomer makes an angle with the axis of the riser and the axis
of the downcomer. In the second arrangement, the main liquid is
sent through a porous plate distributor at the bottom of the riser
and the other stream is sent through an L-Type valve connecting
the riser and the downcomer [6,19-22].

In addition to the secondary stream, Liang et al. [12] used a
third stream at high flow rates at the bottom of the downcomer for
pushing the solids into the riser from the downcomer. The flow
rate of the third stream was not accounted by them for calculat-
ing the hydrodynamic variables. Hence they observed the critical
transitional liquid velocities to circulating fluidized bed regime
much earlier than the terminal velocity of the particle. From the
pressure balance on LSCFB, Zheng and Zhu [14] concluded that
the solids inventory in the downcomer and solids feeding system
strongly influence the solids circulation rate, solids holdup and
stable operating range of LSCFB. With high solids inventory in
the storage vessel, they also introduced the third stream at low
flow rates at the bottom of the storage vessel to loosen up the

solids to achieve stable operation. They observed, for their valve
configuration, a range of solids circulation and secondary liquid
velocity over which LSCFB undergoes unstable operation. Only
Feng et al. [18] studied the effect of location of primary liquid
distributor on the solids circulation rate and found that the loca-
tion of the primary liquid distributor plays a very important role
in the hydrodynamics of a LSCFB system.

Excepting due to Zheng et al. [13], Zheng and Zhu [14] and
Feng et al. [18], the information available in the literature on
flow behavior is restricted to one particular solids inventory in the
downcomer and one particular location of primary liquid distrib-
utor. In the present investigation, experiments were conducted to
study the macroscopic flow properties at various liquid velocities
and solids inventory in the downcomer for two different loca-
tions of the primary liquid distributor. Experiments were also
conducted to find out the transition from conventional fluidiza-
tion to circulating fluidized bed regime by different experimental
methods. Even though the liquid distributor arrangement of the
present study is similar to the first arrangement [12,13,16,17]
mentioned earlier, unstable operation was not observed. Hence
it is possible to operate LSCFB with very low solids inventory
without the introducing the third stream.

2. Experimental

A schematic of the experimental setup is shown in Fig. 1.
It consists of a riser, liquid—solid separator, solids return pipe,
downcomer (or solids storage vessel) and solids feeding pipe (or
return leg).

The riser was made up of Acrylic column with an i.d. of
80mm and o.d. of 90 mm using multiple sections. The total
height of the column was 2.8 m and that of the test section
from the auxiliary distributor plate was 2.2m. The riser was
provided with pressure tapings at 200 mm intervals. The pres-
sure taps were connected to a multi-limb U-tube manometer
to record the pressure drop in each section of the riser. The
main liquid distributor at the bottom of the riser consists of
two distributors namely, the primary and the auxiliary liquid
distributors. In the primary distributor, seven stainless steel
tubes of 12.7 mm i.d. extending into the riser were fixed uni-
formly across the cross-section of the riser to ensure uniform
liquid distribution. They occupy 17.6% opening area of the
riser. The auxiliary distributor was a multi-orifice SS plate with
5% opening area and provision to insert the primary distributor
tubes.

The liquid pumped from the reservoir was admitted as two
streams with main (or primary) liquid stream entering the riser
through the primary liquid distributor and the secondary (or aux-
iliary) liquid stream entering through the auxiliary distributor.
The upper end of the riser projects 150 mm centrally into the
liquid—solid separator. The liquid—solid separator was a large
cone based cylindrical acrylic vessel which allows the particles
to settle down from the liquid. The liquid leaves the liquid—solid
separator at the liquid outlet placed at the top of the separator to
liquid reservoir. The separated solids from liquid—solid separator
are returned through the solids return pipe and solids circulation
rate measuring device into the storage vessel.
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Fig. 1. Schematic of the experimental setup. 1. Liquid reservoir; 2. pump; 3.
valve; 4. flow meters; 5. main liquid; 6. auxiliary liquid; 7. pressure taps; 8.
riser; 9. liquid—solid separator; 10. solids return pipe; 11. butterfly valve; 12.
downcomer; 13. solids feeding pipe or return leg; 14. solids-discharge.

In the solids circulation measuring device, the column wall
was marked with graph paper along its length above the butter-
fly valve. Solids falling continuously into the downcomer were
charged into the bottom of the riser by solids feeding pipe. One
end of solids feeding pipe was joined to the riser well above the
auxiliary liquid distributor and the other end was joined to the
bottom of the conical section of the storage vessel.

In a typical experiment, the riser was initially packed with
particles to a known height. The primary liquid was admitted
into the column at very low liquid velocity through the cali-
brated flow meters. After steady state was reached, the pressure
drop across the bed was noted. The primary liquid flow rate was
increased in small intervals and the pressured drop was noted
each time. This procedure was continued till the bed expanded
to the entire length of the riser with the solids about to entrain
form the top of the riser. At this condition, the secondary liquid
was introduced to a particular known value and the circulation
of solids between the riser and downcomer starts. Once the sys-
tem has attained the steady state, the pressure drop along the
length of the riser and solids circulation rate were noted. The
solids circulation rate was determined by closing the butterfly
valve and noting the time needed to accumulate a predetermined

Table 1

Range of the variables investigated in the present study

Variable Range
Primary liquid velocity (m/s) 0-0.34
Auxiliary liquid velocity (m/s) 0.014-0.107
Particle diameter (mm) 1.36
Particle density (kg/m?) 2468

Solids inventory (m) 0.15-0.45

height of solids above the butterfly valve. The solids circulation
rate measurement was repeated two to three times to ensure the
accuracy. For the same auxiliary liquid flow rate, the primary
liquid flow rate was increased by small increments until the
transport bed regime is reached or limited by the pump capac-
ity. For each increment of primary liquid flow rate, pressure
drop along the riser and solids circulation rate were measured.
This same procedure was repeated for various fixed values of
auxiliary liquid flow rates and various solids inventory in the
downcomer for two different locations of the primary liquid
distributor.

The onset velocity was determined by bed emptying test. In
this method, the riser was packed with solids to a known height
from the primary liquid distributor and the primary liquid was
introduced without the auxiliary flow. For every primary liquid
velocity, the time taken to entrain all the particles above the
main liquid distributor of the riser was noted down as the bed
empting time. The same procedure was repeated for every incre-
ment in primary liquid velocity and for different initial heights of
solids.

The glass particles with an average diameter of 1.36 mm and
density of 2468 kg/m> was used as the dispersed phase. Tap water
was used as the continuous phase. All the experiments were
carried out at ambient temperature. By neglecting the effect of
wall friction, the average solids holdup at each measured section
was determined by measuring the pressure gradient along the
riser. The range of variables investigated in the present study is
detailed in Table 1.

3. Results and discussion

The function of the auxiliary liquid is to loosen up the par-
ticles in the liftpot (i.e. the space adjacent to the primary liquid
distributor tubes at the bottom of the riser above the auxiliary dis-
tributor plate), push the solids up to the tip of the riser and allow
the solids from the feeding pipe into the riser. With increasing
the auxiliary liquid flow rate, a slow moving bed is observed in
the return leg to transport the solids into the riser. Hence, solids
holdup and solids circulation rate in the riser can be controlled
by adjusting the ratio of primary and auxiliary liquid flow rates.
Therefore, auxiliary liquid flow acts as a control device for solids
circulation and solids holdup. Without any external mechanical
devices, such as valves, solids circulation rate and solids holdup
can be regulated by this kind of solids feeding system and hence
the lift pot, auxiliary distributor and solids feeding pipe form as
a non-mechanical valve [15].
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Fig. 2. Variation of pressure drop along the riser with superficial liquid velocity.

3.1. Static pressure gradient variations from conventional
fluidization regime to transport regime

Fig. 2 shows the typical pressure gradient profiles along the
length of the riser with total superficial liquid velocity. Pressure
gradient at H = 0.3 m corresponds to the pressure drop measured
between 0.2 and 0.4 m from the auxiliary distributor plate. The
pressure gradient starts to decrease at the bottom section of the
riser (at H=0.3 m) with increasing the liquid velocity as solids
concentration in that section decreases continuously due to the
expansion of the bed. At the middle section of the riser, for
example at H=1.1 m, the pressure gradient is constant up to
U1=0.096 m/s since the solids bed did not expand up to that
section. With increasing liquid velocity beyond 0.096 m/s, the
pressure gradient increases as the fluidizing solids starts enter-
ing this section. When this section between 1.0 and 1.2m is
completely occupied by the fluidizing solids (corresponding to
U1=0.124m/s) a peak in pressure gradient is observed. With
further increase in liquid velocity, the fluidizing solids enter the
next section. Hence the pressure gradient starts decreasing as
solids concentration in that section decreases. A similar trend as
above has been observed at the uppermost section of the riser
(at H=1.9m). The liquid velocity at the peak of the static pres-
sure gradient profile for this section (0.15 m/s) is defined as the
critical transitional liquid velocity of the circulating fluidization
regime where the solids are about to entrain out of the riser. This
demarcates the boundary between conventional and circulating
fluidization regimes. At this velocity of 0.15 m/s, the pressure
gradient at the bottom section is still higher than at the top sec-
tion and axial distribution of solids holdup exists in the riser.
Beyond this velocity, the circulating fluidization regime starts
in the riser with continuous circulation of solids between the
riser and downcomer. The pressure gradient starts decreasing
with further increase in superficial liquid velocity with the riser
in circulating fluidized bed regime and at one particular veloc-
ity pressure drop profiles merge together indicating that bed is
entered into transport bed regime. At this condition, the solids
holdup is low with uniform axial distribution of solids in the riser.
The superficial liquid velocity at which pressure drop profiles
are merging together is called as the critical transitional velocity
from the circulating fluidization to transport regime [17].

40

0.15 0.25 0.35 0.45
U, (m/s)

Fig. 3. Variation of solids circulation rate with liquid velocity.

These profiles are similar to that reported in the literature
for the case of a gas-liquid—solid circulating fluidized beds
[17,23-25] if the pressure drop due to gas phase is neglected.
The pressure drop contribution due to gas phase is negligible
as the gas holdup is low and the density of gas is negligible
compared to liquid and solid.

3.2. Flow behavior in circulating fluidization regime

3.2.1. Effect of auxiliary liquid flow rate on average solids
holdup and solids circulation rate

Fig. 3 shows the variation of solids circulation rate with total
superficial liquid velocity and auxiliary liquid velocity. For a
given total liquid velocity, the solids circulation rate increases
with increasing auxiliary liquid velocity. This is expected since
more voidage is created in the liftpot with increasing auxiliary
liquid velocity and there by more particles are introduced into
the riser from the return leg.

Two different types of profiles are noticed from Fig. 3. One is
at the lower auxiliary liquid flow rates, i.e. up to U =0.036 m/s
where the solids circulation rate is varying linearly with total
superficial liquid velocity. This behavior was not observed by
earlier investigators even though the solids feeding structure of
the present study is nearly similar to them [12—15]. The other
profile is at higher auxiliary liquid flow rates where the variation
of solids circulation rate with total superficial liquid velocity can
be divided into two zones: an initial zone in which the solids
circulation rate increases rapidly with small increase in total
liquid velocity followed by a zone in which the increase in solids
circulation rate is very small.

As shown in Fig. 4, there is sufficient gap between the inter-
section of the riser and bottom of the solids feed pipe from the
auxiliary liquid distributor (70 mm) in the experimental setup
of the present study. The angle made by return leg with the
riser is less (30°). Hence at lower auxiliary liquid velocity, up
to Upp =0.036 m/s, the auxiliary liquid flows completely into the
riser. In addition, the flow of solids in return leg is slow mov-
ing packed bed with small flux of solids entering into the riser
and hence solids circulation varies linearly with total superficial
liquid velocity.
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Fig. 4. Arrangement of primary liquid distributor (1. with dynamic leak; 2.
without dynamic leak).

Zheng et al. [13,15] and Zheng and Zhu [14] did not notice
this linear variation at low auxiliary liquid velocities as the inter-
section of the return leg and riser was very near to the auxiliary
distributor and the angle made by the return leg with the riser
is larger in their experimental setup. Hence at low auxiliary lig-
uid velocities, part of the liquid stream was going into the riser
and the remaining through the return leg into the storage vessel.
Thus the auxiliary liquid was not effectively utilized into the
riser. To overcome this problem, they introduced a third stream
[15] in the cone part of the storage vessel and used higher solids
inventory in the downcomer (i.e. 1, 1.2 and 1.5 m). Hence higher
initial auxiliary liquid velocities were needed to push the solids
surrounding the tube into the tip of the tube to achieve solids
circulation. In the present study, on the other hand, it is possible
to operate at low auxiliary liquid velocities without third stream
and with low solids inventory in the storage vessel (i.e. 0.15,0.25
and 0.35 m). The minimum normalized auxiliary liquid veloc-
ity used by the above authors [13—15] was 0.23 where as in the
present study it is 0.07. Since the particle size of the present
study is different from earlier investigations [13—15], auxiliary
liquid velocities are normalized with the terminal velocity for
meaningful comparison.

The variation of solids circulation rate with total superfi-
cial liquid velocity at higher auxiliary velocities in the second
zone (linear but not constant) is quite different from the litera-
ture [12—15]. This could be due to either variation in methods
followed for solids circulation measurement or lower solid
inventory in the downcomer of the present study.

According to Zheng et al. [13] and Zheng and Zhu [14], for
a given total liquid velocity, there is a maximum solids circu-
lation rate associated with an auxiliary liquid velocity beyond
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Fig. 5. Variation of solids holdup with liquid velocity.

which the operation become unstable. This is due to pressure
imbalance between the riser and storage vessel and there is a
limit for minimum and maximum auxiliary liquid flow rates to
achieve stable operation. For the valve configuration and with
in the range of the experimental conditions of the present study,
unstable operation was not observed. Hence, it can be concluded
that structure of the valve configuration plays a very important
role in the flow behavior of the LSCFB.

The variation of average solids holdup with the total liquid
superficial velocity and auxiliary liquid velocity in the circulat-
ing fluidized bed regime is shown in the Fig. 5. For a fixed total
liquid velocity, the solids holdup increases with increase in aux-
iliary liquid velocity. At low auxiliary velocities, there is slow
moving packed bed of solids in the return leg with low solids flux
entering into the riser. With increase in auxiliary liquid veloc-
ity, the flow of solids in the return pipe changes to moving bed
and to transport bed with increasing solids flux into the col-
umn. Hence, for a fixed total superficial liquid velocity, solids
holdup increases with increase in auxiliary liquid flow rate. This
observation is similar to that reported in literature and the same
explanation holds well [13,23]. At higher auxiliary liquid veloc-
ities, the variation of average solids holdup is nearly linear with
increase in total superficial liquid velocity. This is because of
low solids inventory and the difference in valve configuration of
the present study compared to the literature.

At lower total superficial liquid velocities, solids holdup
decreases quickly with increasing total liquid velocity as solids
velocity increases quickly and more solids are thrown out off
the riser. At higher total liquid velocities, on the other hand, the
effect of liquid velocity on the solids velocity/solids circulation
rate is negligible and hence solids holdup shows a plateau.

From Figs. 3 and 3, it can be concluded that average solids
holdup and solid circulation rate are affected by both primary
and auxiliary liquid velocity. One of the biggest advantages if
LSCFB is used as reactor is that the desired solids holdup and
solids velocity/solids circulation rate in the riser can be main-
tained at any desired values by suitably adjusting the ratio of
primary and secondary liquid velocities according to the reaction
requirement.
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Fig. 6. Effect of total solids inventory on solids holdup.

3.2.2. Effect of solid inventory in the downcomer on solids
holdup and solids circulation rate

For a given non-mechanical valve configuration, the solids
holdup in the riser depends on the solids inventory in the down-
comer. The effect of solids inventory on the average solids
holdup inside the riser is shown in Fig. 6. At fixed primary
and auxiliary liquid velocities, the solids holdup increases with
increase in solids inventory. By increasing solids inventory, more
solids are added to the downcomer and the weight of the bed act-
ing on the return leg is larger. Hence, more solids are pushed into
the riser.

From Fig. 7a and b, it can be observed that solids circulation
rate is increasing with increasing solids inventory at fixed pri-
mary and auxiliary liquid velocities. Higher solids circulation
rates are obtained at higher solids inventory as more weight is
acting at the bottom of the downcomer and on the solids in return
leg. Figs. 6 and 7 indicates that the solids inventory in the down-
comer does not alter the solids holdup and solids circulation rate
profiles. Hence, based on the information available in the liter-
ature [13,14] and from the present study, it can be concluded
that the solids circulation rate and solids holdup in the riser are
affected not only by the operating variables, such as primary and
auxiliary liquid velocity, but also by the non-mechanical valve
configuration.

3.2.3. Axial solids holdup in the CFB regime

The variation of the axial solids holdup distribution with pri-
mary liquid velocity at two different auxiliary liquid velocities
is shown in Fig. 8a and b. It is evident from the figures that
in the circulating fluidized bed regime, the solids holdup is uni-
formly distributed in the axial direction regardless of the primary
and auxiliary liquid velocity. This observation is similar to that
reported in literature [16,21].

The solids holdup decreases quickly with increasing primary
liquid velocity up to 0.21 m/s and beyond that the change in
solids holdup is very small, as evident from Fig. 8a. This is
because, the distributor effect is small at low primary liquid
velocity and hence the solid circulation rate is sensitive to pri-
mary liquid velocity.
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Fig. 7. (a) Effect of total solids inventory on particle circulation rate. (b) Effect
of total solids inventory on particle circulation rate.

The axial distribution of solids holdup for different fixed total
superficial liquid velocities and various combinations of auxil-
iary and primary liquid velocities is shown in Fig. 9a—d. For a
fixed total superficial liquid velocity, axial distribution of solids
holdup increases with increase in auxiliary liquid flow rate and
at a fixed auxiliary liquid flow rate, the axial distribution of
solids holdup decreases with increase in total superficial liquid
velocity.

3.3. Dynamic leak

As mentioned earlier, the function of the auxiliary liquid is to
mobilize the particles in the lift pot, push the solids to the tip of
the tube and allow the particles into the riser from solids feeding
pipe. The primary liquid acts as main fluidizing media for the
solids pushed by the auxiliary liquid above the stainless steel
tubes. When the column is operated with primary liquid alone
(with no auxiliary liquid), no solids should enter the riser form
the downcomer through the return leg and the solids circulation
rate and solids holdup in the riser should be zero. During the
initial experiments, the primary distributor was positioned in
such a way that the upper tip of the stainless steel tubes were
just 20 mm above the upper joint of riser and return leg (shown
as position 1 in Fig. 4). When the primary liquid velocity is low
(with no auxiliary liquid flow), the particles below the tubes are
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Fig. 8. (a) Variation of sectional solids holdup along the riser with axial position.
(b) Variation of sectional solids holdup along the riser with axial position.

in packed bed and they cannot enter the riser. With increase in
primary liquid velocity over a certain value (around 0.25 m/s),
turbulence is created near the tip of the tubes. Liquid moves
vigorously with wakes and pushes the solids that are adjacent to
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the tip of the tubes into the riser. Since the distance between the
tip of the tubes and joint of the return leg and the riser is very less
(20 mm) and because of turbulence, eddies are created near to
the tip of the tubes. These eddies draw the solids from the upper
part of return leg into the riser. Hence definite solids holdup and
solids circulation rate are maintained in the riser. With further
increase in primary liquid velocity, the distributor effect (that
is turbulence action) will become more prominent. Additional
solids are drawn from the return leg and solids circulation rate
increases in the riser [26].

Hence, when primary liquid flow rate is above 0.25 m/s, solids
flow from the solids feed pipe into the riser because of the posi-
tion of the primary distributor and distributor effect. With further
increase in the primary liquid velocity, more and more solids
flow into the riser with the solids holdup increasing up to a cer-
tain liquid velocity and become constant beyond that. But the
solids circulation rate increases continuously with main liquid
velocity. This phenomenon is called dynamic leak. The maxi-
mum solids holdup (0.02) due to the dynamic leak at maximum
main liquid velocity is less than that of transport bed regime
[26].

The experimental procedure as described above was repeated
for various solids inventories in the storage vessel by keeping
the auxiliary liquid velocity to zero and varying the primary
liquid velocity to a maximum. For every increment in primary
liquid velocity, the solids holdup and solids circulation rate were
noted down. For all the three solids inventories, the dynamic leak
started around 0.25 m/s and the cross-sectional solids holdup and
solids circulation rate are same at the same primary liquid veloc-
ity. From this it can be concluded that, with in the experimental
range of solids inventory, the effect of solids inventory on the
dynamic leak is negligible.
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Fig. 10. Variation of solids circulation rate with liquid velocity without dynamic
leak.

In normal operation of LSCFBs, both auxiliary and primary
liquids are used. The liquid velocity just above the tubes is sum
of the auxiliary and primary liquid velocities. At constant pri-
mary liquid velocity, the solids circulation rate and solids holdup
contributed by auxiliary liquid velocity is different at different
auxiliary liquid velocities (as shown in Figs. 3 and 5). In addi-
tion, the variation of average solids holdup and solids circulation
rate with dynamic leak is not in linear with primary liquid veloc-
ity. Hence, it is difficult to quantify the contribution of leak by
primary liquid velocity at various auxiliary liquid velocities. All
the above results (shown in Figs. 2-9) are with dynamic leak,
i.e. when the tip of the stainless steel tubes was at position 1
shown in Fig. 4.

In order to prevent this dynamic leak (otherwise the purpose
of auxiliary distributor is not served), the height of the stainless
steel tubes in the riser was increased. The increase in length of
the tubes was based on the experiments conducted at maximum
primary liquid velocity (decided the pump capacity) and noting
down the height below the tip of the tubes that were affected
due to turbulence created by the distributor. For the case without
dynamic leak, the tube length in the riser is far away from the
point of intersection of the riser and the return leg, shown as
position 2 in the Fig. 4.

Experiments were repeated to identify the effect of dynamic
leak on axial solids holdup distribution, average solids holdup
and solids circulation rate for various constant auxiliary and
primary liquid velocities and for different solid inventories.

Figs. 10 and 11, respectively, show the variation of solids
circulation rate and average solids holdup with total superfi-
cial liquid velocity at various auxiliary liquid velocities. The
increase in solids circulation rate is linear at low auxiliary liquid
velocities and followed two zone phenomena at higher auxiliary
liquid velocities. The trends are similar to Figs. 3 and 5. Simi-
larly, Figs. 12 and 13, respectively, show the variation of solids
holdup and solids circulation rate at two different auxiliary lig-
uid velocities for different solids inventories. On comparison of
Figs. 12 and 13 with Figs. 5 and 6, it can be concluded that
the profiles are similar at both lower and higher auxiliary lig-
uid velocities and the same phenomena hold with and without
dynamic leak.

0.1

Uiz m/s

0.081 u 0,030

0 0.036

0.06- A 0.041

. = 0047

= A °  so00s8

“ 0,04 = * ol

o 2  0.069

a g x 0.096

0021 _w 0 0.10

+0.107

0 . . . . : .
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
U, (m/s)

Fig. 11. Variation of solids circulation rate with liquid velocity without dynamic
leak.

3.3.1. Comparison of flow behavior with and without
dynamic leak

Fig. 14 compares the variation of the average solids holdup
with and without dynamic leak at constant set of auxiliary lig-
uid velocity and solid inventory. The solids holdup with dynamic
leak is always higher than without due to the leak of solids form
return leg into the riser at higher total liquid velocities. Fig. 15
shows the effect of dynamic leak on solids circulation rate. As
before, a linear variation of solids circulation rate with superfi-
cial liquid velocity at lower Uy, and the two zone phenomena at
higher auxiliary liquid velocities have been observed. The solids
circulation rate is higher with dynamic leak than without. From
Figs. 14 and 15, it can be concluded that the valve configura-
tion is adding more restriction to solids to flow without dynamic
leak than with dynamic leak and hence all the hydrodynamic
variables in the case of without dynamic leak are lesser.

3.3.2. Variation of bed voidage with operating conditions

Fig. 16 shows the typical variation of bed voidage with solids
circulation rate (expressed as superficial solids velocity) at var-
ious fixed superficial total liquid velocities. At a fixed Uj, the
experimental voidage decreases with increasing solids circula-
tion rate. The bed voidage, on the other hand, increases with
increasing superficial liquid velocity at fixed superficial solids
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Fig. 12. Effect of total solids inventory on the solids holdup without dynamic
leak.
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Fig. 13. (a) Effect of total solids inventory on the particle circulation rate. (b)
Effect of total solids inventory on the particle circulation rate.

velocity. Hence the bed voidage can be determined by combining
both solids circulation rate and superficial liquid velocity.

Assuming homogeneous fluidization in axial and radial direc-
tions, Kwauk [28] proposed the following relation between the
voidage, superficial liquid velocity and superficial solids veloc-
ity by extending R-Z equation [27]:
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Fig. 14. Effect of dynamic leak on solids holdup.
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Fig. 15. Effect of dynamic leak on solid circulation.

The voidage predicted using the above equation is compared
with experimental in Fig. 16. The predicted voidage is always
higher than the experimental.

Similarly, it is observed that there is a significant difference
in experimentally observed Ugjip, Cp from that predicted by
assuming homogenous fluidization. Hence correlations based
on homogenous fluidization may not be readily applicable to
the circulating fluidization regime because of difference in flow
structure. These observations are similar to the reported litera-
ture [12,19].

3.4. Onset velocity experiments for regime transition
identification

As the total superficial liquid velocity is varied, the bed in
the riser will undergo different operating regimes. Since there
is a significant difference in hydrodynamic behavior from one
regime to other, it is of primary importance to know the crit-
ical liquid velocities which demarcates one regime from the
other. There are three different methods to identify the criti-
cal transitional liquid velocity that demarcates the conventional
and circulating fluidized bed regimes [15,17,29,30].
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Fig. 16. variation of bed voidage with superficial particle velocity.
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Fig. 17. Pressure drop as a function of superficial liquid velocity at two eleva-
tions.

3.4.1. Pressure gradient profile method

Fig. 17 shows the variation of pressure gradient plotted as a
function of total superficial liquid velocity at two axial loca-
tions. The pressure gradient at lower section (at H=0.3m)
decreases continuously with increasing liquid velocity due to
dense phase expansion. On the other hand, at the upper section
of the riser (at H=1.9 m), the pressure gradient increases with
increasing liquid velocity until a maximum is reached, i.e. up
to U1 =0.15 m/s. This means that the pressure gradient increases
when the fluidizing solids enter that section; maximum pressure
gradient is reached when entire uppermost section is occupied
by the solids. With further increase in liquid velocity beyond
0.15m/s, solids starts to entrain out from the section into the
downcomer through liquid—solid separator and pressure gradi-
ent starts decreasing. So the peak in the pressure drop profile
corresponds to a state of transition from conventional to CFB
regime. Hence, the velocity at the peak of the pressure gra-
dient line of top section is defined as the critical transitional
velocity.

Vatanakul et al. [30] while studying on gas—liquid—solid sys-
tem noted the range of critical transitional liquid velocity around
0.125-0.135m/s which is less than that of the present study
(0.15 m/s) even though the particle characteristics and geome-
try of riser of the present study (dp = 1.36 mm, ps = 2468 kg/m?,
H=2.2m, D=0.08 m) are almost similar to them (d, = 1.3 mm,
0s=2500 kg/m3, H=2.0m, D=0.076 m). These authors have
taken liquid velocity corresponds to maximum peak at eleva-
tion H=1.45m which really indicates the pressure gradient
measured when the solids occupied up to 1.45m from the bot-
tom of the bed and rest of the section above the 1.45m is
free board region with no solids. So, the liquid velocity cor-
responds to maximum pressure gradient at the top most section
very near to the exit of the riser must be considered as U.
Hence, Uj. obtained by them is less than that of the present
study.

Similarly Zheng et al. [17] considered the liquid velocity
corresponds to pressure peak at elevation of H=1.55m as Uy
(which means that when the solids are occupied up to height of
1.55 m solids are ready to entrain out of the riser) even though
the height of the riser is 2.7 m.
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Fig. 18. Time taken to entrain solids in the riser as a function of liquid velocity.

3.4.2. Solids circulation method

The critical transitional velocity from conventional to circu-
lating fluidized bed regime can be obtained from the plot of
solids circulation rate as a function of superficial liquid velocity.
As shown in Fig. 3, the velocity at which solids circulation rate
changes form zero to non-zero is taken as the critical transitional
liquid velocity.

3.4.3. Bed emptying method

As shown in Fig. 18, there exist two distinct lines with increas-
ing superficial liquid velocity. At low total liquid velocity, the
time taken for the particles to entrain is large as the interstitial
liquid velocity (Uj/e1) is high and the particles entrain quickly
with continuous decrease in solids holdup in the riser. As the
time progresses, the interstitial liquid velocity decreases con-
tinuously and hence longer lengths time are needed to empty
the particles. On the other hand, at higher total liquid veloc-
ities, interstitial liquid velocity is higher than the terminal
velocity of a particle and hence it takes short time to entrain
the particles with almost no particles in the riser. The onset
velocity can be located at the point of intersection of the two
lines.

Since the onset velocity is determined without solids storage
vessel and solid feeding structure, it is independent of total solids
inventory or structure of the feeding system. In addition, the
onset velocity obtained by two initial static beds (0.3 and 0.45 m)
is same; it is also independent of initial volume of the particles in
the riser. Of all the methods, the determination of onset velocity
by regime transition method is preferred because of simplicity
and ease of the experiment.

The critical transitional and onset velocities obtained by the
above methods are shown in the Table 2. The transitional velocity
obtained by the pressure drop profile is lesser since the lig-

Table 2

The onset and critical transitional velocities obtained in the present study

Critical transitional velocity (m/s) Onset velocity (m/s)

By pressure gradient By solids circulation By bed emptying
profile method rate method method

0.15 0.163 0.182
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uid velocity is not noted when the solids occupy the topmost
measuring section.

4. Conclusions

In addition to operating conditions, such as primary and aux-
iliary liquid velocity, the non-mechanical valve configuration
(i.e. angle made by the solids return pipe with the riser and
the distance between the auxiliary distributor and the joint of
solids return pipe with the riser), location of the primary liq-
uid distributor and solids inventory in the storage vessel play an
important role on the macroscopic properties of LSCFB. Solids
circulation rate and solids holdup were found to increase with
increase in auxiliary liquid velocity. Under constant set of pri-
mary and auxiliary liquid velocity, the solids circulation rate
and solids holdup increase with increase in solid inventory in
the downcomer. The solids circulation rate, the average solids
holdup and the axial solids holdup distribution is always higher
with dynamic leak than without dynamic leak. The experimental
correlations developed based on the homogenous fluidization in
expanded regime are found to be inapplicable to the circulating
fluidized bed regime. Hence a new strategy is needed to model
the flow characteristics in circulating fluidized bed regime.
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