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Abstract

A pressure balance analysis has been carried out, along with a dimensionless empirical correlation for the solids holdup in the riser and
a semi-empirical equation for the pressure drop across the non-mechanical control valve derived in this work, to successfully predict the
stable operating conditions and explain the origin of the unstable operation phenomena of the liquid–solid circulating fluidized bed. The
effects of the total and auxiliary liquid velocity, the solids inventory and the unit geometry on the stable operation range are discussed.
Furthermore, this work also reveals the importance of unit structure in improving the performance of the liquid–solid circulating fluidized
bed systems. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

New processes in biochemical technology, water treat-
ment, petroleum and metallurgical industries, etc. have led
to the need for new types of liquid–solid contacting equip-
ment. One of these is the liquid–solid circulating fluidized
bed (LSCFB) in which the solid particles are entrained up in
the riser, collected at the riser top and recirculated through
a particle storage vessel back to the bottom of the riser. The
flow characteristics in the riser were reported to be very
uniform and the LSCFB is considered to be superior to the
conventional liquid–solid fluidized bed given the improved
liquid–solids contact and the increased liquid flowrate [1,2].

However, the operation of the LSCFB system may be-
come unstable under certain operating conditions and it is
very important to understand this phenomenon. The sta-
ble operation range of the LSCFB system was studied by
Zheng et al. [2]. They observed unstable operation at higher
solids circulation rates, when particles collected by the
liquid–solid separator cannot be recirculated back quickly
enough to the bottom of the riser to catch up with the in-
creased solids circulating rate. When this happens, reducing
either the total liquid or the auxiliary liquid flow rate would
end the unstable operation. Furthermore, the stable operat-
ing range was found to be strongly affected by the feeding
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system. With higher static bed height in the particle storage
vessel (i.e. higher solids inventory), the stable operation
range is increased and higher solids circulation rate can
also be reached without inducing unstable operation.

In the literature, different types of unstable operations
have already been identified in the gas–solid vertical co-
current upflow system. The so-called “choking” point, char-
acterized by the formation of slugs and severe instability in
the system, was first defined by Zenz and Othmer [3] as
the starting point of unstable operation with decreasing gas
velocity. Recently, instability resulting from pressure imbal-
ance between the riser and the solids return side, was also ob-
served in a gas–solid circulating fluidized bed system. This
unstable state may occur prior to the choking point (i.e. at
a higher gas velocity than the choking velocity) [4,5]. This
instability was explained by the pressure balance between
the riser and the downcomer [6,7]. However, no work has
been reported for liquid–solid systems.

In this paper, an analysis of pressure balance in the whole
loop is, for the first time, carried out for the LSCFB system to
elucidate the origin of possible flow instability. This analysis
is based on the overall pressure balance in the whole circula-
tion loop, incorporating liquid and solid material balance on
the total solids inventory. This allows one to evaluate the ef-
fect of operating conditions on the steady-state hydrodynam-
ics. With the guidance of this analysis, it is possible to avoid
operation instability due to the inappropriate pressure bal-
ance between the riser and the storage vessel and to allow a
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circulating fluidized bed to operate at much higher solids cir-
culation rates so that the stable operating range is enlarged.

In addition, a model describing the pressure drop across
the control device and an empirical correlation to calculate
the solids holdup in the riser have been proposed. The char-
acteristics and the working principle of the non-mechanical
valve in the liquid–solid system have also been discussed in
detail.

2. Model development

2.1. Pressure balance in the system

The LSCFB consists of four main components: a riser,
a storage vessel, a liquid–solid separator and a solids flow
control device (Fig. 1). A simplified schematic of the
liquid–solid system for pressure analysis is shown in Fig. 2.
In such a system, a pressure loop forms when the particles
are fluidized [7,8].

The pressure drop in the riser is composed of the liquid
and solids static heads, the pressure drop due to solids ac-
celeration (1Pac), and the friction between the liquid and
solids flow and the column wall (1Pfs). Since the fluidiza-
tion velocity is not very high and the solids acceleration is
very easy, the pressure drops due to solids acceleration and
wall friction are not significant in the riser of the liquid–solid
circulating system. Taking the pressure at the outlet of the
liquid–solid separator as zero and excluding the pressure
loss due to acceleration and friction, the pressure head at the
bottom of the riser,Pr, can be calculated by

Pr = ρs(1 − ε)gH + ρlεgH (1)

Fig. 1. The experimental LSCFB apparatus.

Fig. 2. Simplified LSCFB system.

In LSCFB systems, particles are carried up to the top of
the riser, separated from the liquid by a liquid–solid separa-
tor and then returned back to the storage vessel through the
returning pipe to form a slow-moving packed bed. For such a
case, the solids acceleration and friction in the storage vessel
can also be reasonably neglected. If the static bed height in
the storage vessel isL0 before fluidization (i.e. when all par-
ticles are stored in the storage vessel), the actual bed height
in the storage vessel when the system is running,L′

0, should
be lower thanL0. The pressure head at the bottom of the stor-
age,Pst, is caused by the pressure drops of the liquid–solid
separator (1Pc), the returning pipe (1Pre), the section above
the static bed (1Pds) and the reduced solids inventory:

Pst = ρs(1 − εmf)gL′
0 + ρlεmfgL′

0

+1Pre + 1Pc + 1Pds (2)

Particles separated by the liquid–solid separator fall back
to the storage vessel through the return pipe by gravity. Since
the diameter of the liquid–solid separator is close to that
of the storage vessel, the suspension densities of both the
separator and the section above the dense phase surface in
the storage can be reasonably approximated as the same, i.e.
εc=εds. Assuming that the solids downflow velocity equals
the particle terminal velocity, the voidage in the returning
pipe (1−εre), and the voidage in the separator and the region
above the dense phase surface and the separator (1−εds) can
be estimated by

1 − εre = (Dr/Dre)
2Gs

ρsUt
(3)

1 − εc = 1 − εds = (Dr/Dst)
2Gs

ρsUt
(4)

The pressure drops due to liquid and solids in those two
regions can be calculated by

1Pre = [ρlεre + ρs(1 − εre)]Lreg (5)
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1Pc = [ρlεc + ρs(1 − εc)]Lcg (6)

1Pds = [ρlεds + ρs(1 − εds)](Lst − L′
0)g (7)

The total solids inventory is deducted by the solids
holdups in the riser, the returning pipe, the liquid–solid
separator and the region above the solids inventory:

L′
0 = L0 − D2

r H(1 − ε) + D2
reLre(1 − εre) + D2

st(Lst − L0 + Lc)(1 − εds)

D2
st(1 − εmf)

(8)

When the solids holdup in the riser and the solids circulation
rate (and therefore the superficial liquid velocity) are given,
the pressure heads at the bottom of the storage vessel and
the riser can be estimated by Eqs. (1)–(8).

2.2. A dimensionless empirical correlation for solids
holdup in the riser

The solids holdup in the riser is affected by the operat-
ing conditions [2]: for a given total liquid velocity, solids
holdup in the riser increases with increasing solids circu-
lation rate; at a fixed solids circulation rate, however, an
increase in liquid velocity leads to the decrease of solids
holdup. When the operating conditions are set to the same,
solids holdup may also be affected by the physical proper-
ties of both the particles and the fluid medium. An increase
in the diameter and/or the density of the particles decreases
the solids holdup under the same operating conditions [2].
Increasing the density and viscosity of the fluid is expected
to decrease the suspension density in the riser, although there
has not been experimental evidence to demonstrate this phe-
nomenon. It is easy to understand the effect of the fluid
density and viscosity from the interaction between the fluid
medium and the solid particles since it is easier for dense
and more viscous fluid to carry the solids up to the top of
the riser.

For an ideal liquid–solid circulating fluidized system,
where uniform spherical solid particles are employed, sec-
ondary variables such as distributor plate geometry, particle
shape and particle size distribution need not be considered.
A dimensionless empirical equation has been derived, in
this paper, to correlate the solids holdup in a liquid–solid
circulation fluidized bed system with the superficial liquid
velocity and the solids circulation rate, based on glass beads
and plastic beads reported by Zheng et al. [2]:

1 − ε = G
0.8
s

0.25U
1.9
l

(9)

whereḠs is the dimensionless solids circulation rate and is
defined as

Gs = Gs

(µg1ρρl)1/3
(10)

and Ūl is the dimensionless superficial liquid velocity
defined as [9]

U l = Ul

(
ρ2

l

µg1ρ

)1/3

(11)

From Eqs. (9)–(11), it is seen that the bed voidage in the
riser is mainly affected by the solids circulation rate, the

liquid flow rate and the physical properties of particles and
the fluidization media.

2.3. Pressure drop across the valve

The solids flow control devices can be divided into two
main categories based on the way used to control the valve
opening — mechanical and non-mechanical valves. Me-
chanical valves usually contain moving parts to control the
valve opening mechanically. Since these devices rely on me-
chanical actuation, they are not commonly employed under
high temperature and high pressure conditions in industrial
processes because of their associated sealing and mechanical
problems [10]. Non-mechanical valves, on the other hand,
do not contain any moving parts but are controlled by the
auxiliary fluid flow rate and the geometry of the pipe, and
thus no sealing and/or mechanical problems are encountered
at elevated temperatures and pressures [11].

The control device applied in this LSCFB belongs to the
non-mechanical type. As shown in Fig. 1, it is located at the
bottom of the riser and is comprised of the lift pot below the
top of the main liquid distributor tubes, the solids feed pipe
and the bend between the two. Before the auxiliary liquid
flow is turned on, a packed bed is formed in the lift pot and
no solids circulation occurs. When the auxiliary liquid flow
is added, liquid flows upward through the particles and the
relative liquid–solids movement produces a drag force on
the particles in the direction of flow. When this drag force
exceeds the force required to overcome the resistance to the
solids moving through the constricting bend and the gravity
of the particles, the solids begin to flow through the valve
[12].

The quantity of solids passing through the valve is con-
trolled by the auxiliary liquid flow rate. When the auxiliary
liquid flow is completely closed, the particles in the stor-
age vessel are unable to flow into the bottom of the riser
because of the static friction between the liquid, the solids
and the connecting bend. Thus, the valve can be consid-
ered completely closed and no continuous particle circula-
tion could be achieved. Injecting the auxiliary liquid, the
particles do not begin to flow immediately since the initial
liquid flow added is not enough to produce the drag force
required to start the solids flow. Only when a threshold liq-
uid velocity is reached, the solids begin to flow. Above this
threshold auxiliary liquid velocity, increasing liquid veloc-
ity causes the solids flow rate to increase and decreasing
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the auxiliary liquid flow rate causes the solids flow rate to
decrease.

Non-mechanical valves have been studied and a set of
equations have also been developed to characterize the pres-
sure drop across the valves for gas–solids flow [10,11]. How-
ever, no such equation is available for a liquid–solids system.
The pressure drop across the valve for liquid–solids flow de-
pends on the flow rate and the property of the liquid–solids
mixture flowing through the valve and the construction of the
valve. The more liquid–solid mixture that flows through the
valve, the higher the pressure drop across the valve. Based
on the various values ofPst andPr, calculated from Eqs. (1)
and (2), and the working principle of the non-mechanical
valve, a correlation has been obtained here to best relate the
pressure drop across the valve with the operating conditions
for the water–glass beads system:

1Pv = K
G2.51

s,v

2[ρs(1 − εmf) + ρlεmf ]
(12)

whereK is the friction coefficient,

K = [ρs(1 − εmf) + ρlεmf ]gDv

0.125UaGs,v
(13)

andGs,v is the flux of the liquid–solids mixture through the
valve assuming that the mixture has the same voidage as at
minimum fluidization:

Gs,v =
(

1 + ρlεmf

ρs(1 − εmf)

)
Ws

Av
(14)

Combining Eqs. (12) and (13), one has

1Pv = G1.51
s,v gDv

0.25Ua
(15)

Eq. (13) shows that the friction coefficient,K, decreases
with increasing auxiliary liquid velocity. While Eq. (13) also
implies thatK decreases with increasing solids circulation
rate, the pressure drop across the valve increases much faster
with the solids circulation rate. As a result, the pressure drop
across the valve increases with the solids circulation rate and
decreases with the auxiliary liquid velocity, as given in
Eq. (15).

2.4. Determination of steady operation window

In an LSCFB system, solids circulation rate and solids
holdup in the riser under a fixed pair ofUl andUa can be
predicted by the equations proposed above with the follow-
ing iteration procedure. For the given total and auxiliary liq-
uid velocity, a solids circulation rate is first assumed. The
average bed voidage is then calculated from Eq. (9). The
calculated bed voidage and the assumed solids circulation
rate are then substituted in Eqs. (1) and (2) to calculatePr
and Pst, respectively. At the same time, the pressure drop
across the valve,1Pv, can be calculated from Eqs. (14) and
(15) by the given auxiliary liquid velocity and the assumed

solids circulation rate. If the value of1Pv is different from
that of Pst−Pr, a new solids circulation rate for the same
pair of Ul andUa is assumed again to repeat the calculation
until the two values fall within a pre-set error range. This
solids circulation rate is then taken as the circulation rate
corresponding to a given pair of auxiliary and total liquid
velocities under steady state. If no possible solids circulation
rate can be found to make the two values equal, an unsteady
operation is reached. When the LSCFB system operates un-
der unsteady state, the rate of particles returning back to the
storage vessel cannot catch up with the increased solids cir-
culation rate, i.e. the quantity of particles carried up to the
top of the riser and separated by the liquid–solid separator
are more than those falling back to the storage vessel. The
solids circulation rate at the boundary of the stable and the
unstable operation is the maximum/minimum solids circu-
lation rate for the stable/unstable operation of this system.
Beyond this solids circulating rate, the liquid–solids circu-
lating fluidized bed cannot be operated at steady state.

3. Experiments

Experimental data were collected in the LSCFB system
corresponding to the configuration in Fig. 1. The system
consists of a Plexiglass riser column of 7.6 cm i.d. and 2.7 m
in height, a storage vessel of 20.3 cm i.d. serving as solids
reservoir, and a liquid–solid separator.

Liquid pumped from a liquid reservoir is divided into two
streams with the main flow entering the main liquid distrib-
utor and the other going to the auxiliary liquid distributor.
The function of the main liquid flow is to carry particles up
to the top of the riser where the liquid–solid mixture is sep-
arated by the liquid–solid separator. Liquid is then returned
to the liquid reservoir while the particles are returned to the
particle storage vessel. The solids feeding system of this unit
is controlled by the auxiliary liquid flow as discussed previ-
ously. When the auxiliary liquid flow is set to zero or below
a threshold level, no particles in the storage vessel can enter
into the riser and therefore no continuous solids circulation
can be achieved. With increasing auxiliary liquid flow rate,
more particles enter into the bottom of the riser and the col-
umn becomes denser.

Liquid flows were metered by rotameters. The solids cir-
culation rate was determined by measuring the accumulated
solids for a known period of time in the top section of the
storage vessel. The solids circulation measurement device
contains two half columns as shown in Fig. 1 so that it does
not affect the solids circulation rate [2]. The pressure drops
were recorded using manometers attached to eight pres-
sure taps located along the riser column. Glass beads with
a mean diameter of 508mm and a density of 2490 kg/m3

were used. All experiments were carried out at ambient
temperature and tap water was used as the fluidizing liq-
uid. During each experiment, both the main liquid flow and
the auxiliary liquid flow were adjusted carefully until the
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whole system operated in a stable steady-state manner, with
a constant solids circulation rate.

4. Validation of the model

The semi-empirical equations (12)–(15) are used to pre-
dict the pressure drop across the valve,1Pv. This value
is then compared with the value ofPst−Pr, calculated by
Eqs. (1) and (2) with the givenUl , Gs and the experimen-
tally measuredεs to verify those equations. The calculated
1Pv, as mentioned above, should balancePst−Pr when the
LSCFB operates under a steady state. Fig. 3 shows the cal-
culatedPst−Pr based on experimentally obtainedεs and the
predictions for the variations of the pressure drop across the
valve with the solids circulation rate and the auxiliary liquid
flow. Both the magnitude and the trends of the predictions
are seen to be in good agreement with almost all the data
to within ±10%. In Fig. 3, it is seen that the pressure drop
across the valve always increases with increasing solids
circulation rate at a fixed secondary liquid flow rate but de-
creases with increasing auxiliary liquid flow rate for a given
solids circulation rate. With an increase in the solids circu-
lation rate, more particles flow through the valve, leading to
an increase of the friction between the liquid–solid mixture
and the valve, and thus increasing the pressure drop across
the valve. On the other hand, the auxiliary liquid flow rate
changes the friction and works like an “opening area” con-
troller of the valve. Increasing the auxiliary liquid velocity,
the “opening” of the valve is “enlarged” due to reduced
friction. When the solids circulation rate remains the same,
the pressure drop across the valve should decrease with
increasing auxiliary liquid flow according to Eq. (15). For
each given solids inventory (expressed as the initial static
bed height), Fig. 4 shows that the increase of the pressure
drop with the solids circulation rate has the same trend
and that the static bed height has little influence on1Pv.

Fig. 3. Comparison of model predications for the pressure drop across
the valve with the calculatedPst−Pr based on experimental data with
L0=1.5 m.

Fig. 4. Comparison of model predications for the pressure drop across the
valve with the calculatedPst−Pr based on experimental data with three
different solids inventory heights underUl2=0.069 m/s.

However, the range of the pressure drop is larger for higher
static bed height as implicated in Fig. 4. Under the same op-
erating conditions, more solids inventory leads to a higher
maximum solids circulation rate under the steady state and
therefore a wider range of the pressure drop across the valve.

Fig. 5 shows the predicted and the measured solids holdup
with different solids inventory. The predicted average solids
holdup in the riser is calculated by Eq. (9) in conjunction
with Eqs. (10) and (11) based on the given liquid velocity
and solids circulation rate. Good agreement is obtained. This
agreement clearly shows the validity of Eq. (9). Fig. 5 also
indicates that the liquid flow rate and solids circulation rate
are the main factors which influence the solids holdup in the
riser: the solids holdup is increased with increasing solids
circulation rate but with decreasing liquid flow rate. Com-
paring Fig. 5a and b, it is seen that the variations of solids
holdup under the two levels of the static bed heights follow
the same trend, suggesting that the feeding system does not
affect the flow characteristics of the LSCFB system.

When the LSCFB is operated at steady state, both the
solids holdup in the riser and the solids circulation rate for
a given pair of total and auxiliary liquid flow rates can be
predicted by the pressure balance analysis: the pressure drop
across the valve must equal the pressure drop betweenPst
andPr for a stable operation. Following the calculation pro-
cedure given in the previous section, the predictions for the
solids holdup and the solids circulation rate in the riser are
compared with the experimental data in Fig. 6. Good agree-
ment is obtained. This agreement confirms that the operating
state of the LSCFB is controlled by the pressure balance in
the unit and our pressure balance analysis works very well.

5. Conditions for stable operation

For the LSCFB system shown in Fig. 1, the total solids
inventory in the whole system expressed as the initial static
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Fig. 5. Comparison of model predications with experimentally obtained
solids holdup in the riser at different dimensionless solids circulation rates
for: (a) L0=1.05 m; and (b)L0=1.50 m.

bed height in the storage tank isL0 and there is no solids
addition to or removal from the system during the opera-
tion. With high enough total and auxiliary liquid flow rates,
particles can be circulated between the riser and the storage
vessel. At a steady state, the solids circulation rate achieved
in the riser balances the solids recirculation rate back to the

Fig. 6. Comparison of model predications with experimental data at
different operating conditions.

storage vessel and an appropriate pressure balance in the
entire loop is established. By increasing the auxiliary liquid
flow rate, more particles are allowed to enter into the bot-
tom of the riser and the solids circulation rate is increased.
Eventually, a point will be reached when the solids circula-
tion rate achieved in the riser is higher than the solids flow
rate returned back to the storage vessel. At this point, the
appropriate pressure balance in the unit is broken and an
unstable operation state is reached.

To sustain a steady-state operation, an appropriate pres-
sure balance in the unit needs to be maintained, i.e.
Pst−Pr=1Pv. Adjusting the operating conditions, the sys-
tem will first disturb the balance and then attains steady
operation after a transient period when the solids circula-
tion rate varies. For a given auxiliary liquid flow rate, the
solids circulation rate/solids holdup first increases/decreases
quickly with increasing total liquid flow rate and then the
increasing/decreasing of the solids circulation rate/solids
holdup becomes insignificant [2]. Under this operating con-
dition, an increase in the total liquid velocity will cause a
reduction ofPr and an increase of1Pv due to the decrease
of solids holdup in the riser and the increase of the solids
circulation rate, respectively. The decrease ofPr with Ul
and the increase of1Pv with Gs can be predicted by Eq. (1)
and Eqs. (12)–(15), respectively. Meanwhile, this variation
only leads to a minor decrease of solids inventory in the
storage vessel because the diameter of the storage vessel
is much larger than that of the riser. The small decrease of
Pst and the obvious decrease ofPr eventually lead to a new
pressure balance with an increased1Pv in the loop, at a
higher solids circulation rate than before.

However, when the solids circulation rate is beyond a cer-
tain value, unstable operating conditions are attained when
the solids recirculation rate cannot catch up with the increase
of the solids circulation rate in the riser. This unstable oper-
ation may be explained as follows: the auxiliary liquid flow,
Ua, is introduced right below the intersection of the riser
and the solids feed pipe. With a relatively low flow rate,Ua
flows mainly up into the riser due to the resistance of the
particles packed in the solids feed pipe. When the auxiliary
liquid flow rate is set high, it may split into two streams with
one stream flowing up into the riser and the other one enter-
ing the solids feed pipe. The part of the auxiliary liquid flow
entering the solids feed pipe flows up by going through the
particles in the storage vessel, the returning pipe and then en-
ters the liquid–solid separator. An increase inUa leads to an
increase ofGs, which in turn results in higher solids holdup
in the riser and therefore a higherPr. This relative increase of
Pr to Pst allows a higher proportion ofUa to flow though the
solids return side. This increased liquid stream creates more
resistance to the particles in the liquid–solid separator from
recirculating back to the storage vessel. When the solids cir-
culation rate is beyond a certain value, particles transported
up to the top of the riser are more than those returned back to
the storage vessel. Particles are then stuck in the liquid–solid
separator and the solids inventory height in the storage vessel
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drops quickly. This causes pressure imbalance between the
riser and the particle storage vessel, leading to an unstable
operation of the system. Under such unstable flow condi-
tions, more liquid will preferentially pass through the solids
return side, and will eventually terminate the particle circu-
lation. Therefore, under a given total liquid velocity, there is
a maximum solids circulation rate, associated with a maxi-
mumUa, beyond which the operation becomes unstable.

6. Discussion

The maximum solids circulation rate against a given pair
of Ul andUa can be predicted through the analysis of pres-
sure balance in the whole loop (Eqs. (1), (2), (9) and (15)).
Fig. 7 shows the predicted values of1Pv and Pst−Pr for
three levels of the static bed height when the auxiliary liq-
uid velocity is 0.069 m/s. Under this high auxiliary liq-
uid velocity, the maximum solids circulation rate can be
reached with increasing the total liquid velocity. At rel-
atively low total liquid velocity, where solids circulation
rate is also low, it is seen thatPst−Pr balances1Pv, sug-
gesting that there is enough pressure available to maintain
the solids circulation rate and the system is operated un-
der steady state. Increasing liquid flow rate to increase the
solids circulation rate, both1Pv andPst−Pr increase. Be-
yond a certain point, the increasing1Pv is higher than that
of Pst−Pr, indicating that the proper pressure balance is
broken. At that point, the maximum solids circulation rate
under the steady operation is obtained. For example, when
Ul>0.25 m/s (L0=1.05 m, Ua=0.069 m/s), the “available”
pressure,Pst−Pr, is not enough to overcome the pressure
across the valve,Pr, so that the liquid velocity of 0.25 m/s de-
marcates the boundary of the unstable and stable operation.

From the foregoing analysis, it is noted that there exists a
maximum solids circulation rate for a given pair ofUl and
Ua. The operation of the LSCFB becomes unstable when the
solids circulation rate is higher than the maximum. Thus, the

Fig. 7. Predicted values of1Pv andPst−Pr for three levels of the static
bed height atUl2=0.069 m/s.

operation window in terms of maximum solids circulation
rate can be determined by similar plots as shown in Fig. 7.
Those results over a wide range ofUa are given in Fig. 8.
When the LSCFB operates in the area below the boundary,
shown as a dotted line, stable operation is obtained. As
discussed above, the auxiliary liquid velocity and the solids
circulation rate are the two main operating factors to affect
the stable operation range of the LSCFB. The auxiliary liq-
uid flow rate determines the possibility of the unstable op-
eration. At low auxiliary liquid velocity (e.g.Ua=0.25 m/s),
the system is always operated in steady state due to the lim-
ited solids feeding so that the maximum stable liquid flow
rate is only limited by pump capacity. Increasing the auxil-
iary liquid velocity, the risk to reach an unstable operation
of the LSCFB increases. When the auxiliary liquid velocity
is set high, the maximum solids circulation rate could be
reached when the total liquid velocity in the riser column
is increased. Therefore, the available operation range of the
liquid velocity decreases with increasing auxiliary liquid
velocity. For example, when the auxiliary liquid velocity re-
duces from 0.069 to 0.055 m/s, the available operation range
of the liquid velocity increases from 0–0.25 to 0–0.32 m/s.

Fig. 8 also seems to indicate that there are two different
regions within the stable operation window, with one for
lower auxiliary flow rate and the other for higher auxiliary
liquid flow rate. At lowerUa, solids circulation rate is low
and it is not easy to reach a pressure imbalance so that the
maximum stable operating liquid flow rate is only restricted
by the pump capacity. At higherUa, the unstable operation
becomes possible and the boundary of the stable operation
is demarcated by the maximum solids circulation rate. In
this region, the available operation range of the liquid ve-
locity is constrained by the maximum solids circulation rate
(and thus the pressure balance).

Fig. 8 further shows that the solids circulation rate in-
creases quickly with increasing liquid velocity at first and
then the increase of the solids circulation rate reduces there-
after. This implies that solids circulation at higherUl is more
restricted by the solids feeding system. Additionally, the

Fig. 8. Predicted stable operation range forL0=1.05 m.
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Fig. 9. Effect of the auxiliary liquid velocity on the stable operation range.

constantUa curves in Fig. 8 are seen to converge with de-
creasing liquid velocity. This indicates that the solids circu-
lation rate is less affected by the valve setting at low solids
circulation rates. On the other hand, the valve provides an
important regulation function at higher solids circulation
rates. For a high liquid velocity, increasing the liquid ve-
locity can only slightly increase the solids circulation rate
because the solids circulation rate is no longer sensitive to
the variation of the liquid velocity. To achieve higher solids
circulation rates, a better measure is to increase the pressure
head available for the solids feeding system by adding more
particles to the storage vessel and/or reducing the pressure
loss across the valve. As shown in Fig. 9, the solids circu-
lation rate can reach a higher value with increasing solids
inventory under the same operating conditions. For exam-
ple, the maximum solids circulation rate for stable operation
changes from 13 to 21 kg/m2 s when the static bed height is
increased from 1.05 to 1.5 m. This is expected since the in-
creased solids inventory provides a higher pressure head at
the bottom of the storage vessel, which increases the solids
circulation rate and hence allows higher particle concentra-
tion in the riser, as reflected in Eqs. (1), (2) and (15).

The system geometry could be another important fac-
tor affecting the stable operating conditions in an LSCFB.
Eqs. (1), (2), (13) and (14) show that the storage vessel-
to-riser diameter ratio, the returning pipe-to-riser diameter
ratio, the feeding pipe-to-riser diameter ratio, the static
bed height in the storage vessel, and the riser height all
play very important roles. However, there seems to be no
experimental results to show the effects of these design pa-
rameters. More experiments are needed to achieve a better
understanding of the appropriate operating conditions and
of the influencing factors.

7. Conclusion

The analysis of the LSCFB system based on the pressure
balance shows that the stable operation is built upon an
appropriate pressure balance,Pst−Pr=1Pv, in the whole

circulation loop. The operating conditions of the system can
greatly affect the pressure balance. The pressure head at
the bottom of the riser,Pr, increases with increasing solids
circulation rate but decreases with increasing total liquid
velocity. On the other hand, the pressure head at the bottom
of the storage vessel,Pst, varies insignificantly with the
operation conditions due to the large storage vessel-to-riser
diameter ratio. The solids circulation rate and the auxiliary
liquid flow rate are the main operating parameters affecting
the pressure drop across the non-mechanical control valve,
1Pv, as given in Eq. (15). Under a stable operating state,
Pst−Pr will eventually balance1Pv after a transient period
of disturbance when the operating condition is adjusted.

The pressure balance analysis shows that there exists a
maximum solids circulation rate for a given auxiliary liquid
velocity, beyond which a stable operation of the LSCFB
system is not possible. At low auxiliary liquid flow rate,
the system can always be operated under steady state since
the solids circulation rate cannot be high enough to break
the pressure balance built between the riser and the storage
vessel. When the auxiliary liquid flow rate is set high, on
the other hand, the maximum solids circulation rate can be
reached with increasing total liquid velocity. Once the solids
circulation rate is higher than the maximum, the available
pressure drop,Pst−Pr, cannot overcome the pressure drop
across the valve so that the appropriate pressure balance is
broken and the stable operation cannot be maintained.

The model simulation further shows that the attainable
maximum solids circulation rate and stable operation range
are strongly influenced by the total solids inventory and the
unit geometry. Higher solids inventory leads to higher avail-
able maximum solids circulation rates. To achieve higher
solids circulation rate, sufficient back pressure needs to be
provided at the bottom of the riser, by increasing the pres-
sure buildup in the storage vessel.

8. Nomenclature

Av the cross-area of the feeding pipe (m2)
Dr riser diameter (m)
Dre returning pipe diameter (m)
Dst storage vessel diameter (m)
Dv feeding pipe diameter (m)
g acceleration due to gravity (m2/s)
Gs solids circulation rate (kg/m2 s)
Gs,v flux of liquid–solid mixture flowing through

the valve (kg/m2 s)
Gs dimensionless solids circulation rate,

defined in Eq. (10)
H riser height (m)
K friction coefficient of the valve, as including

the separator, defined in Eq. (13)
Lc height of the liquid–solid separator (m)
L0 static bed height in storage vessel (m)
L′

0 actual bed height in storage vessel (m)
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Lre equivalent length of the returning pipe (m)
Lst height of the storage vessel (m)
Pr pressure head at the bottom of the riser (N/m2)
Pst pressure head at the bottom of the storage

vessel (N/m2)
Ua superficial velocity of the auxiliary liquid

flow (m/s)
Ul total superficial liquid velocity, including the

auxiliary liquid flow (m/s)
U l dimensionless superficial liquid velocity,

defined in Eq. (11)
Ut terminal velocity of single particle (m/s)
Ws solids flow rate (kg/s)

Greek letters
ε average bed voidage
εc voidage in the liquid–solid separator
εmf voidage at minimum fluidization
εre voidage in the returning pipe
εds voidage of the region above dense phase surface

in the storage vessel
εs solids holdup
ρ l density of liquid (kg/m3)
ρs apparent density of solids (kg/m3)
1ρ the density difference between solid and

liquid (kg/m3)
µ viscosity of liquid (kg/m s)
1Pc pressure loss through the liquid–solid

separator (N/m2)
1Pds pressure drop over the liquid–solid mixture

in the region above the actual bed in the storage
vessel (N/m2)

1Pre pressure head of the liquid–solid mixture
in the returning pipe (N/m2)

1Pv pressure loss across the solids control
valve (N/m2)
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