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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 al
a semi-empirical equation for the pressure drop across the non-mechanical control valve derived in this work, to successfully predict tt
stable operating conditions and explain the origin of the unstable operation phenomena of the liquid—solid circulating fluidized bed. Th
effects of the total and auxiliary liquid velocity, the solids inventory and the unit geometry on the stable operation range are discusset
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 system. With higher static bed height in the particle storage
vessel (i.e. higher solids inventory), the stable operation
New processes in biochemical technology, water treat- range is increased and higher solids circulation rate can
ment, petroleum and metallurgical industries, etc. have led also be reached without inducing unstable operation.
to the need for new types of liquid—solid contacting equip-  In the literature, different types of unstable operations
ment. One of these is the liquid—solid circulating fluidized have already been identified in the gas-solid vertical co-
bed (LSCFB) in which the solid particles are entrained up in current upflow system. The so-called “choking” point, char-
the riser, collected at the riser top and recirculated through acterized by the formation of slugs and severe instability in
a particle storage vessel back to the bottom of the riser. Thethe system, was first defined by Zenz and Othmer [3] as
flow characteristics in the riser were reported to be very the starting point of unstable operation with decreasing gas
uniform and the LSCFB is considered to be superior to the velocity. Recently, instability resulting from pressure imbal-
conventional liquid—solid fluidized bed given the improved ance between the riser and the solids return side, was also ob-
liquid—solids contact and the increased liquid flowrate [1,2]. served in a gas—solid circulating fluidized bed system. This
However, the operation of the LSCFB system may be- unstable state may occur prior to the choking point (i.e. at
come unstable under certain operating conditions and it isa higher gas velocity than the choking velocity) [4,5]. This
very important to understand this phenomenon. The sta-instability was explained by the pressure balance between
ble operation range of the LSCFB system was studied by the riser and the downcomer [6,7]. However, no work has
Zheng et al. [2]. They observed unstable operation at higherbeen reported for liquid—solid systems.
solids circulation rates, when particles collected by the In this paper, an analysis of pressure balance in the whole
liguid—solid separator cannot be recirculated back quickly loopis, for the first time, carried out for the LSCFB system to
enough to the bottom of the riser to catch up with the in- elucidate the origin of possible flow instability. This analysis
creased solids circulating rate. When this happens, reducingis based on the overall pressure balance in the whole circula-
either the total liquid or the auxiliary liquid flow rate would tion loop, incorporating liquid and solid material balance on
end the unstable operation. Furthermore, the stable operatthe total solids inventory. This allows one to evaluate the ef-
ing range was found to be strongly affected by the feeding fect of operating conditions on the steady-state hydrodynam-
ics. With the guidance of this analysis, it is possible to avoid
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circulating fluidized bed to operate at much higher solids cir- Water
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- Lr
acteristics and the working principle of the non-mechanical
valve in the liquid—solid system have also been discussed in
detail.
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The LSCFB consists of four main components: a riser, Pt R P
a storage vessel, a liquid—solid separator and a solids flow WJter
control device (Fig. 1). A simplified schematic of the
liquid—solid system for pressure analysis is shown in Fig. 2. Fig. 2. Simplified LSCFB system.
In such a system, a pressure loop forms when the particles
are fluidized [7,8]. In LSCFB systems, particles are carried up to the top of
The pressure drop in the riser is composed of the liquid the riser, separated from the liquid by a liquid—solid separa-
and solids static heads, the pressure drop due to solids actor and then returned back to the storage vessel through the
celeration APao), and the friction between the liquid and returning pipe to form a slow-moving packed bed. For such a
solids flow and the column wallAPss). Since the fluidiza- ~ case, the solids acceleration and friction in the storage vessel
tion velocity is not very high and the solids acceleration is can also be reasonably neglected. If the static bed height in
very easy, the pressure drops due to solids acceleration andhe storage vessel is) before fluidization (i.e. when all par-
wall friction are not significant in the riser of the liquid—solid  ticles are stored in the storage vessel), the actual bed height
circulating system. Taking the pressure at the outlet of the in the storage vessel when the system is runnirjgshould
liquid—solid separator as zero and excluding the pressurebe lower thario. The pressure head at the bottom of the stor-
loss due to acceleration and friction, the pressure head at the2ge,Pst, is caused by the pressure drops of the liquid—solid

bottom of the riserP;, can be calculated by separator4Pc), the returning pipe4 Pre), the section above
the static bedAPgys) and the reduced solids inventory:

Pr = ps(1—¢e)gH+ pregH 1) , ,
Pst= ps(1 — emp)glg + piemidly
+APe+ APc+ APgs (2
Liquid recycle <g= Particles separated by the liquid—solid separator fall back
] |._ Liquid-solids to the storage vessel through the return pipe by gravity. Since
_ _ separator the diameter of the liquid—solid separator is close to that
Solids return pipe . . .
7{ of the storage vessel, the suspension densities of both the
Soli 7 B separator and the section above the dense phase surface in
olids flowrate |\ . Riser : ’
measurement _f | the storage can be reasonably approximated as the same, i.e.
device < ec=¢eds. ASsuming that the solids downflow velocity equals
, the particle terminal velocity, the voidage in the returning
Storage Solids . - - .
vossal — pipe (1-¢re), and the voidage in the separator and the region
‘ above the dense phase surface and the separategdjican
be estimated by
Dy/Dre)’G
1— Ere = ( I’/ re) S (3)
Solids feed pipe —p psUt
Main liquid D./D 2G
Auxiliary liquid distributor l—ec=1—¢g4s= M (4)
osUt
Main liquid Auxiliary liquid The pressure drops due to liquid and solids in those two
distributor regions can be calculated by

Fig. 1. The experimental LSCFB apparatus. APre = [p1ere + ps(1 — ere)] Lreg (5)
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AP =[piec + ps(1 — ec)]Lcg (6) o ( ,0|2 )1/3
U =0 (11)

A Pys = [/Olgds‘f‘ ps(1 — 3ds)](Lst - Lb)g (7) HgAp

The total solids inventory is deducted by the solids From Egs. (9)—(11), it is seen that the bed voidage in the
holdups in the riser, the returning pipe, the liquid—solid riser is mainly affected by the solids circulation rate, the
separator and the region above the solids inventory:

DZH(1 — &) + DiLre(1 — ere) + D3(Lst — Lo+ Le)(1 — do)
D§t(1 — &mf)

Ly=Lo— (8)

When the solids holdup in the riser and the solids circulation liquid flow rate and the physical properties of particles and
rate (and therefore the superficial liquid velocity) are given, the fluidization media.
the pressure heads at the bottom of the storage vessel and

the riser can be estimated by Egs. (1)—(8). 2.3. Pressure drop across the valve
2.2. A dimensionless empirical correlation for solids The solids flow control devices can be divided into two
holdup in the riser main categories based on the way used to control the valve

opening — mechanical and non-mechanical valves. Me-

The solids holdup in the riser is affected by the operat- chanical valves usually contain moving parts to control the
ing conditions [2]: for a given total liquid velocity, solids  valve opening mechanically. Since these devices rely on me-
holdup in the riser increases with increasing solids circu- chanical actuation, they are not commonly employed under
lation rate; at a fixed solids circulation rate, however, an high temperature and high pressure conditions in industrial
increase in liquid velocity leads to the decrease of solids processes because of their associated sealing and mechanical
holdup. When the operating conditions are set to the same,problems [10]. Non-mechanical valves, on the other hand,
solids holdup may also be affected by the physical proper- do not contain any moving parts but are controlled by the
ties of both the particles and the fluid medium. An increase auxiliary fluid flow rate and the geometry of the pipe, and
in the diameter and/or the density of the particles decreaseshus no sealing and/or mechanical problems are encountered
the solids holdup under the same operating conditions [2]. at elevated temperatures and pressures [11].
Increasing the density and viscosity of the fluid is expected  The control device applied in this LSCFB belongs to the
to decrease the suspension density in the riser, although ther@on-mechanical type. As shown in Fig. 1, it is located at the
has not been experimental evidence to demonstrate this phebottom of the riser and is comprised of the lift pot below the
nomenon. It is easy to understand the effect of the fluid top of the main liquid distributor tubes, the solids feed pipe
density and viscosity from the interaction between the fluid and the bend between the two. Before the auxiliary liquid
medium and the solid particles since it is easier for dense flow is turned on, a packed bed is formed in the lift pot and
and more viscous fluid to carry the solids up to the top of no solids circulation occurs. When the auxiliary liquid flow
the riser. is added, liquid flows upward through the particles and the

For an ideal liquid—solid circulating fluidized system, relative liquid—solids movement produces a drag force on
where uniform spherical solid particles are employed, sec- the particles in the direction of flow. When this drag force
ondary variables such as distributor plate geometry, particle exceeds the force required to overcome the resistance to the
shape and particle size distribution need not be consideredsolids moving through the constricting bend and the gravity
A dimensionless empirical equation has been derived, in of the particles, the solids begin to flow through the valve
this paper, to correlate the solids holdup in a liquid—solid [12].
circulation fluidized bed system with the superficial liquid  The quantity of solids passing through the valve is con-
velocity and the solids circulation rate, based on glass beadstrolled by the auxiliary liquid flow rate. When the auxiliary

and plastic beads reported by Zheng et al. [2]: liquid flow is completely closed, the particles in the stor-
—08 age vessel are unable to flow into the bottom of the riser

1_g—= Gs 9) because of the static friction between the liquid, the solids
0.25U|1'9 and the connecting bend. Thus, the valve can be consid-

_ ered completely closed and no continuous patrticle circula-
whereGs is the dimensionless solids circulation rate and is tion could be achieved. Injecting the auxiliary liquid, the

defined as particles do not begin to flow immediately since the initial
_ Gs liquid flow added is not enough to produce the drag force
Gs= I LE (10) required to start the solids flow. Only when a threshold lig-

. uid velocity is reached, the solids begin to flow. Above this
and U, is the dimensionless superficial liquid velocity threshold auxiliary liquid velocity, increasing liquid veloc-
defined as [9] 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 solids circulation rate. If the value afP, is different from
decrease. that of P+—Pr, a new solids circulation rate for the same
Non-mechanical valves have been studied and a set ofpair of Uy andUg is assumed again to repeat the calculation
equations have also been developed to characterize the presintil the two values fall within a pre-set error range. This
sure drop across the valves for gas—solids flow [10,11]. How- solids circulation rate is then taken as the circulation rate
ever, no such equation is available for a liquid—solids system. corresponding to a given pair of auxiliary and total liquid
The pressure drop across the valve for liquid—solids flow de- velocities under steady state. If no possible solids circulation
pends on the flow rate and the property of the liquid—solids rate can be found to make the two values equal, an unsteady
mixture flowing through the valve and the construction of the operation is reached. When the LSCFB system operates un-
valve. The more liquid—solid mixture that flows through the der unsteady state, the rate of particles returning back to the
valve, the higher the pressure drop across the valve. Basedtorage vessel cannot catch up with the increased solids cir-
on the various values ¢s; andP;, calculated from Eqgs. (1)  culation rate, i.e. the quantity of particles carried up to the
and (2), and the working principle of the non-mechanical top of the riser and separated by the liquid—solid separator
valve, a correlation has been obtained here to best relate theare more than those falling back to the storage vessel. The
pressure drop across the valve with the operating conditionssolids circulation rate at the boundary of the stable and the

for the water—glass beads system: unstable operation is the maximum/minimum solids circu-
G251 lation rate for the stable/unstable operation of this system.
AP, = K sV (12) Beyond this solids circulating rate, the liquid—solids circu-
2[ps(1 — emf) + prem] lating fluidized bed cannot be operated at steady state.

whereK is the friction coefficient,

_ [ps(1 — emt) + piem]gDy

K — 3. Experiments
0.125U,Gs v

(13)

Experimental data were collected in the LSCFB system
Forresponding 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 20.3cm i.d. serving as solids

PlIEmf ) Ws (14) reservoir, and a liquid—solid separator.
pos(l—emi) ) Ay Liquid pumped from a liquid reservoir is divided into two
- streams with the main flow entering the main liquid distrib-
Combining Egs. (12) and (13), one has utor and the other going to the auxiliary liquid distributor.

Gé'\?lgDv The function of the main liquid flow is to carry particles up
AP, = 0.250. (15) to the top of the riser where the liquid—solid mixture is sep-
e arated by the liquid—solid separator. Liquid is then returned
Eqg. (13) shows that the friction coefficieri, decreases to the liquid reservoir while the particles are returned to the
with increasing auxiliary liquid velocity. While Eq. (13) also  particle storage vessel. The solids feeding system of this unit
implies thatK decreases with increasing solids circulation s controlled by the auxiliary liquid flow as discussed previ-
rate, the pressure drop across the valve increases much fastejusly. When the auxiliary liquid flow is set to zero or below
with the solids circulation rate. As a result, the pressure drop a threshold level, no particles in the storage vessel can enter
across the valve increases with the solids circulation rate andinto the riser and therefore no continuous solids circulation
decreases with the auxiliary liquid velocity, as given in can be achieved. With increasing auxiliary liquid flow rate,

andGsy is the flux of the liquid—solids mixture through the
valve assuming that the mixture has the same voidage as a
minimum fluidization:

Gsy = <1+

Eqg. (15). more particles enter into the bottom of the riser and the col-
umn becomes denser.
2.4. Determination of steady operation window Liquid flows were metered by rotameters. The solids cir-

culation rate was determined by measuring the accumulated
In an LSCFB system, solids circulation rate and solids solids for a known period of time in the top section of the
holdup in the riser under a fixed pair b andU, can be storage vessel. The solids circulation measurement device
predicted by the equations proposed above with the follow- contains two half columns as shown in Fig. 1 so that it does
ing iteration procedure. For the given total and auxiliary lig- not affect the solids circulation rate [2]. The pressure drops
uid velocity, a solids circulation rate is first assumed. The were recorded using manometers attached to eight pres-
average bed voidage is then calculated from Eq. (9). The sure taps located along the riser column. Glass beads with
calculated bed voidage and the assumed solids circulationa mean diameter of 508m and a density of 2490 kg/n
rate are then substituted in Egs. (1) and (2) to calclPate  were used. All experiments were carried out at ambient
and Pgt, respectively. At the same time, the pressure drop temperature and tap water was used as the fluidizing lig-
across the valveiaPy, can be calculated from Egs. (14) and uid. During each experiment, both the main liquid flow and
(15) by the given auxiliary liquid velocity and the assumed the auxiliary liquid flow were adjusted carefully until the



Y. Zheng, J.-X. Zhu/Chemical Engineering Journal 79 (2000) 145-153 149

whole system operated in a stable steady-state manner, with 16,000
a constant solids circulation rate. 14,000 [ Lum 105
Py
12000 | " —
4. Validation of the model E 10,000 |
pd
The semi-empirical equations (12)—(15) are used to pre- @’ 8,000 |-
dict the pressure drop across the valyeR,. This value < 6.000
is then compared with the value &;—P;, calculated by ’ B
Egs. (1) and (2) with the giveb);, Gs and the experimen- 4,000 |-
tally measureds to verify those equations. The calculated
APy, as mentioned above, should balafge-P, when the 2,000 — i'_) -

LSCFB operates under a steady state. Fig. 3 shows the cal-
culatedPsi— P, based on experimentally obtainegand the
predictions for the variations of the pressure drop across theFig. 4. Comparison of model predications for the pressure drop across the
valve with the solids circulation rate and the auxiliary liquid valve with the calculatedPs—P; based on experimental data with three
flow. Both the magnitude and the trends of the predictions different solids inventory heights undéfj,=0.069 m/s.

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 solidsHowever, the range of the pressure drop is larger for higher

circulation rate at a fixed secondary liquid flow rate but de- Static bed height as implicated in Fig. 4. Under the same op-

creases with increasing auxiliary liquid flow rate for a given €rating conditions, more solids inventory leads to a higher
solids circulation rate. With an increase in the solids circu- Maximum solids circulation rate under the steady state and

lation rate, more particles flow through the valve, leading to therefore awider range of the pressure drop across the valve.
an increase of the friction between the liquid—solid mixture ~ Fi9. 5 shows the predicted and the measured solids holdup

and the valve, and thus increasing the pressure drop acros¥ith diffgrent sqlids .inventory. The predicted average so_lids
the valve. On the other hand, the auxiliary liquid flow rate Noldup in the riser is calculated by Eq. (9) in conjunction
changes the friction and works like an “opening area” con- With Egs. (10) and (11) based on the given liquid velocity
troller of the valve. Increasing the auxiliary liquid velocity, and solids circulation rate. Good gg_reement is obtamed. This
the “opening” of the valve is “enlarged” due to reduced ggr_eement clearlylshgws the validity of Eq. (9). Flg_. 5 also
friction. When the solids circulation rate remains the same, indicates that the liquid flow rate and solids circulation rate
the pressure drop across the valve should decrease wittfr€ the main factors which influence the solids holdup in the
increasing auxiliary liquid flow according to Eq. (15). For 'iSer: the solids hoIdL_Jp is mcrea_sed _W|t_h increasing solids
each given solids inventory (expressed as the initial static circulation rate but with decreasing liquid flow rate. Com-

bed height), Fig. 4 shows that the increase of the pressureP@rng Fig. 5a and b, it is seen that the variations of solids
drop with the solids circulation rate has the same trend holdup under the two levels of the static bed heights follow

and that the static bed height has little influencesom,. ~ 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

Gs kg/m?s

14,000 solids holdup in the riser and the solids circulation rate for
Us, mis 0.055 0.069 2/ a given pair of total and auxiliary liquid flow rates can be
12,000 | "2’:_’ . predicted by the pressure balance analysis: the pressure drop
across the valve must equal the pressure drop bet®gen
~ 10.000 L andP; for a stable operation. Following the calculation pro-
£ cedure given in the previous section, the predictions for the
:> 8000 solids holdup and the solids circulation rate in the riser are
3 0 compared with the experimental data in Fig. 6. Good agree-
ment is obtained. This agreement confirms that the operating
6,000 - state of the LSCFB is controlled by the pressure balance in
- the unit and our pressure balance analysis works very well.
4’000 L | . | . | | L | |

Gs kg/m?s 5. Conditions for stable operation

Fig. 3. Comparison of model predications for the pressure drop across . . .
the valve with the calculate®s—P; based on experimental data with For the LSCFB system shown in Fig. 1, the total solids

Lo=1.5m. inventory in the whole system expressed as the initial static
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(@) 012 storage vessel and an appropriate pressure balance in the
01 I . Lo=1.05m entire loop is establi_shed. By increasing the au_xiliary liquid
flow rate, more particles are allowed to enter into the bot-
2 o8| 5 0102 04 tom of the riser and the solids circulation rate is increased.
S I . Exo. m ¢ @ Eventually, a point will be reached when the solids circula-
2 006 L Pred. — — — tion rate achieved in the riser is higher than the solids flow
8 I rate returned back to the storage vessel. At this point, the
S 004 appropriate pressure balance in the unit is broken and an
o ! unstable operation state is reached.
0.02 | To sustain a steady-state operation, an appropriate pres-
» sure balance in the unit needs to be maintained, i.e.
0 , "1r ('5 : i'; : 1‘0 : 1'2 1'4 6 Pst—Pr=APy. Adjusting the operating conditions, the sys-
— tem will first disturb the balance and then attains steady
U operation after a transient period when the solids circula-
(b) 02 tion rate varies. For a given auxiliary liquid flow rate, the
solids circulation rate/solids holdup first increases/decreases
. Lo=1.5m quickly with increasing total liquid flow rate and then the
o 015 - 5. 01 o0z 04 s increasing/decreasing of the solids circulation rate/solids
=] . Bo. m % . o holdup becomes insignificant [2]. Under this operating con-
3_? o Pred — — — — dition, an increase in the total liquid velocity will cause a
» r reduction ofP; and an increase aAP, due to the decrease
%’ of solids holdup in the riser and the increase of the solids
D o5l circulation rate, respectively. The decreasePpfwith U,
and the increase af P, with Gs can be predicted by Eq. (1)
and Egs. (12)—(15), respectively. Meanwhile, this variation
oL ‘ J . only leads to a minor decrease of solids inventory in the
2 4 6 8 10 12 14 16 storage vessel because the diameter of the storage vessel

V] is much larger than that of the riser. The small decrease of
Pst and the obvious decrease Rf eventually lead to a new
Fig. 5. Comparison of model predications with experimentally obtained pressure balance with an increasa®. in the |00p at a
solids holdup in the riser at different dimensionless solids circulation rates | . . . . v !
for: (a) Lo=1.05m; and (b)Lo=1.50m. higher solids circulation rate than before.
However, when the solids circulation rate is beyond a cer-
tain value, unstable operating conditions are attained when

addition to or removal from the svstem during the opera- the solids recirculation rate cannot catch up with the increase
y 9 P of the solids circulation rate in the riser. This unstable oper-

tion. With high enough total and auxiliary liquid flow rates, ation may be explained as follows: the auxiliary liquid flow,

particles can be circulated between the riser and the storageUa is introduced right below the intersection of the riser

vessel. At a steady state, the solids circulation rate achieved . : . :
) . T ) . nd th lids f ipe. With a relatively low flow rath,
in the riser balances the solids recirculation rate back to thea d the solids feed pipe a refatively fow 1o

flows mainly up into the riser due to the resistance of the
particles packed in the solids feed pipe. When the auxiliary

bed height in the storage tanklig and there is no solids

0.2 o ! SO o .
U, mls 0083 0125 021 liquid flow rate is set high, it may split into two streams with
Bt W ¢ @ one stream flowing up into the riser and the other one enter-
0.15 L Pred. — — — 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 increasdJinleads to an
increase of3g, which in turn results in higher solids holdup

. in the riser and therefore a highey. This relative increase of

Pr to Pst allows a higher proportion dfi; 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
Fig. 6. Comparison of model predications with experimental data at the storage vessel. Particles are then stuck in the liquid—solid
different operating conditions. separator and the solids inventory height in the storage vessel

Solids Holdup
o

0.05 L

0 5 10 15 20 25
Gs kg/m?s
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drops quickly. This causes pressure imbalance between theoperation window in terms of maximum solids circulation
riser and the particle storage vessel, leading to an unstablerate can be determined by similar plots as shown in Fig. 7.
operation of the system. Under such unstable flow condi- Those results over a wide range @% are given in Fig. 8.
tions, more liquid will preferentially pass through the solids When the LSCFB operates in the area below the boundary,
return side, and will eventually terminate the particle circu- shown as a dotted line, stable operation is obtained. As
lation. Therefore, under a given total liquid velocity, there is discussed above, the auxiliary liquid velocity and the solids
a maximum solids circulation rate, associated with a maxi- circulation rate are the two main operating factors to affect
mum U,, beyond which the operation becomes unstable. the stable operation range of the LSCFB. The auxiliary lig-
uid flow rate determines the possibility of the unstable op-
) ) eration. At low auxiliary liquid velocity (e.gJ;=0.25 m/s),
6. Discussion the system is always operated in steady state due to the lim-
) ) ) _ ) _ _ ited solids feeding so that the maximum stable liquid flow

The maximum solids circulation rate against a given pair rate is only limited by pump capacity. Increasing the auxil-
of U; andU, can be predicted through the analysis of pres- j5ry Jiquid velocity, the risk to reach an unstable operation
sure balance in the whole loop (Egs. (1), (2), (9) and (15)). of the LSCFB increases. When the auxiliary liquid velocity
Fig. 7 shows the predicted values 6Py, and Ps—Pr for is set high, the maximum solids circulation rate could be
three levels of the static bed height when the auxiliary lig- reached when the total liquid velocity in the riser column
uid velocity is 0.069m/s. Under this high auxiliary lig- s jncreased. Therefore, the available operation range of the
uid velocity, the maximum solids circulation rate can be |iquid velocity decreases with increasing auxiliary liquid
reached with increasing the total liquid velocity. At rel-  yelocity. For example, when the auxiliary liquid velocity re-
atively low total liquid velocity, where solids circulation  4,ces from 0.069 to 0.055 m/s, the available operation range
rate is also low, it is seen th&s—Pr balancesAPy, sug-  of the liquid velocity increases from 0-0.25 to 0-0.32 m/s.
gesting that there is enough pressure available to maintain Fig. 8 also seems to indicate that there are two different
the solids circulation rate and the system is operated un-regions within the stable operation window, with one for
der steady state. Increasing liquid flow rate to increase the|gyer auxiliary flow rate and the other for higher auxiliary
solids circulation rate, bothPy andPsi—Py increase. Be-  |iquid flow rate. At lowerU,, solids circulation rate is low
yond a certain point, the increasidgPy is higher than that  4nq it is not easy to reach a pressure imbalance so that the
of Ps—Pr, indicating that the proper pressure balance is maximum stable operating liquid flow rate is only restricted
broken. At that point, the maximum solids circulation rate by the pump capacity. At highdd,, the unstable operation
under the steady operation is obtained. For example, whenpecomes possible and the boundary of the stable operation
Ui>0.25m/s Lo=1.05m, Ua=0.069 m/s), the “available” s demarcated by the maximum solids circulation rate. In
pressurepPsi—Pr, is not enough to overcome the pressure s region, the available operation range of the liquid ve-
across the valveé?y, so that the liquid velocity of 0.25m/s de-  |qcity is constrained by the maximum solids circulation rate
marcates the boundary of the unstable and stable operation(and thus the pressure balance).

From the foregoing analysis, it is noted that there exists a = Fig. g further shows that the solids circulation rate in-
maximum solids circulation rate for a given pair 6f and creases quickly with increasing liquid velocity at first and
Ua. The operation of the LSCFB becomes unstable when the e the increase of the solids circulation rate reduces there-
solids circulation rate is higher than the maximum. Thus, the 4fter. This implies that solids circulation at highéris more

restricted by the solids feeding system. Additionally, the

16000
Ua=0.069 m/s 15[ Operatng _y I
Pst-Pr boundary\_ .2 -
AP, e
12000
£
2 ) 10 L
> £
Q. 8000 B
e X
[
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Fig. 7. Predicted values cAP, and Ps—P; for three levels of the static
bed height atl/;,=0.069 m/s. Fig. 8. Predicted stable operation range lfge=1.05m.
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25 circulation loop. The operating conditions of the system can

L greatly affect the pressure balance. The pressure head at

20 b the bottom of the riseR;, increases with increasing solids
circulation rate but decreases with increasing total liquid

velocity. On the other hand, the pressure head at the bottom

I of the storage vesseRs, varies insignificantly with the

10l ‘," / - Ly, m Pred. Expt operation cqnditions dqe to_the Ia_rge storage vessel-tqtriser
7 15 — m diameter ratio. The solids circulation rate and the auxiliary

' ’, 125 ... - liquid flow rate are the main operating parqmeters affecting

' 1.05 . the pressure drop across the non-mechanical control valve,
é APy, as given in Eqg. (15). Under a stable operating state,
o 02 03 04 05 Pst—Pr will eventually balanceAPy after a transient period

15 +

Gs kg/m%

of disturbance when the operating condition is adjusted.
The pressure balance analysis shows that there exists a

Fig. 9. Effect of the auxiliary liquid velocity on the stable operation range. maximum solids circulation rate for a given auxiliary liquid

velocity, beyond which a stable operation of the LSCFB

constantU, curves in Fig. 8 are seen to converge with de- system is not possible. At low auxiliary liquid flow rate,
creasing liquid velocity. This indicates that the solids circu- the system can always be operated under steady state since
lation rate is less affected by the valve setting at low solids the solids circulation rate cannot be high enough to break
circulation rates. On the other hand, the valve provides an the pressure balance built between the riser and the storage
important regulation function at higher solids circulation Vvessel. When the auxiliary liquid flow rate is set high, on
rates. For a high liquid velocity, increasing the liquid ve- the other hand, the maximum solids circulation rate can be
locity can only slightly increase the solids circulation rate reached with increasing total liquid velocity. Once the solids
because the solids circulation rate is no longer sensitive toCirculation rate is higher than the maximum, the available
the variation of the liquid velocity. To achieve higher solids Pressure dropPsi—Pr, cannot overcome the pressure drop
circulation rates, a better measure is to increase the pressur@cross the valve so that the appropriate pressure balance is
head available for the solids feeding system by adding more Proken and the stable operation cannot be maintained.
particles to the storage vessel and/or reducing the pressure The model simulation further shows that the attainable
loss across the valve. As shown in Fig. 9, the solids circu- maximum solids circulation rate and stable operation range
lation rate can reach a higher value with increasing solids '€ strongly influenced by the total solids inventory and the
inventory under the same operating conditions. For exam- Unit geometry. Higher solids inventory leads to higher avail-
ple, the maximum solids circulation rate for stable operation @ble maximum solids circulation rates. To achieve higher
changes from 13 to 21 kghs when the static bed height is solids circulation rate, sufficient back pressure needs to be
increased from 1.05 to 1.5m. This is expected since the in- Provided at the bottom of the riser, by increasing the pres-
creased solids inventory provides a higher pressure head agure buildup in the storage vessel.

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 Egs. (1), (2) and (15).

The system geometry could be another important fac- . L5
tor affecting the stable operating conditions in an LSCFB. "V the cross-area of the feeding pipeym
Egs. (1), (2), (13) and (14) show that the storage vessel- Dr riser d'lame'ter (m)
to-riser diameter ratio, the returning pipe-to-riser diameter ~'® returning pipe dlgmeter (m)
ratio, the feeding pipe-to-riser diameter ratio, the static Dst Sto”%ge v_essel_ diameter (m)
bed height in the storage vessel, and the riser height all“V feeding pipe diameter (m)
play very important roles. However, there seems to be no 9 acceleration due to gravity (its)
experimental results to show the effects of these design pa-Cs solids circulation rate (kg/ frE) ,
rameters. More experiments are needed to achieve a bettefsv flux of liquid—solid mixture flowing through

U|, m/s

8. Nomenclature

understanding of the appropriate operating conditions and__ the valve (kg/ms)

of the influencing factors. Gs dimensionless solids circulation rate,
defined in Eqg. (10)

H riser height (m)

7. Conclusion K friction coefficient of the valve, as including

the separator, defined in Eq. (13)
The analysis of the LSCFB system based on the pressurel height of the liquid—solid separator (m)
balance shows that the stable operation is built upon anLg static bed height in storage vessel (m)

appropriate pressure baland&;—P,=APy, in the whole Ly actual bed height in storage vessel (m)



Lre
Lst
Pr

Pst

Ua
U

U
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equivalent length of the returning pipe (m)
height of the storage vessel (m)

pressure head at the bottom of the riser (R/m
pressure head at the bottom of the storage
vessel (N/m)

superficial velocity of the auxiliary liquid
flow (m/s)

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

dimensionless superficial liquid velocity,
defined in Eq. (11)

terminal velocity of single particle (m/s)
solids flow rate (kg/s)

Greek letters

e
Ec
Emf
Ere
&ds

Es

Pl

Ps
Ap

APdS

APy

average bed voidage

voidage in the liquid—solid separator
voidage at minimum fluidization
voidage in the returning pipe

voidage of the region above dense phase surface

in the storage vessel

solids holdup

density of liquid (kg/nd)

apparent density of solids (kgAn

the density difference between solid and
liquid (kg/m®)

viscosity of liquid (kg/ms)

pressure loss through the liquid—solid
separator (N/rf)

pressure drop over the liquid—solid mixture

in the region above the actual bed in the storage

vessel (N/m)

pressure head of the liquid—solid mixture
in the returning pipe (N/)

pressure loss across the solids control
valve (N/nf)
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