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Abstract

A mathematical approach, based on the discriminant analysis of the fluctuations of the voltage signals, is proposed for the first time to
identify the boundary between the particulate and the circulating three-phase fluidization regimes. In this new method, the particle size, liquid
viscosity, gas flow rate, superficial liquid velocity, and solid circulating rate, which significantly affect on the characteristics of the voltage
signals, are selected as the discriminant variables. The new approach proved to be a reliable method to determine the transition velocity
between the particulate and the circulating fluidization regimes. The effects of particle size, liquid viscosity, and gas flow rate on the transition
velocity are investigated as well.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tually corresponds to the loosest state of a packed bed of
hardly any weight and the packed bed starts to exjp2udd.
Gas-liquid—solid three-phase fluidized bed is one of the Above this minimum fluidization condition, the bed experi-
most important multiphase reactors for physical, chemical, ences the expanded bed or conventional fluidization regime.
and biochemical processes. In a three-phase fluidized bed]n this regime, the solid bed continuously expands to accom-
upward liquid and gas phases induce the fluidization of the modate the increased flow. The particles move apart from
solid particles. The flow structure is a combination of the each other, and small vibrations take place. The bed of three-
gas—liquid bubbly flow and the liquid—solid vertical upflow. phase flow canbe divided into two regions, which are the main
With increasing liquid and gas velocities, the fluidized bed fluidized bed region with a high concentration of solid parti-
can be categorized by the state of solid motion into four dif- cles and the freeboard region with no solid particles present.
ferent regimes: the packed bed regime, the particulate liquid In the main fluidized bed region or the dense bed region, the
fluidization regime, the circulating fluidization regime and solid holdup is uniformly distributed across the bed. There
the dilute liquid transport regimd,, 2]. is a minimum axial transport property variation in this re-
As a fluid flows upward through an assemblage of solid gion. Gas and liquid velocities have no influence on the solid
particles, the minimum fluidization condition is reached profile [5-9].
when the upward drag force acting on the individual solid  With further increase in the liquid and/or gas velocities,
particle balances with the force of gravity and the buoyant the surface of the bed disappears and solid particles start to
force or, in other words, when the pressure drop across thebe entrained out of the bed with the fluid strefin8]. The
bed equals the weight of the bed per unit area. Below this continuous solids feeding to the bottom of the bed is essential
minimum fluidization, the bed is in the packed or fixed bed for the fluidization system to enter the three-phase circulat-
regime. At the transition of fluidization, the flow system ac- ing regime. The main characteristics of a circulating fluidized
bed are the continuous solid feeding and carry-over of solid
* Corresponding author. Tel.: +1 506 447 3329; fax: +1 506 453 3591,  particles between the riser and the downer. The boundary of
E-mail addressyzheng@unb.ca (Y. Zheng). this carry-over behavior can be identified by the transition of
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Nomenclature

b sum of squared differences between groups for
each variable

c discriminant coefficient

dp particle diameter (m)

do difference between the means of the two groups
for the discriminant variables

D2 Mahalanobis’s distance

Gs particle circulating rate (kg/#s)

Ho null hypothesis

m number of cases

Q flow rate (mL/s)

S matrix of pooled variances referring to the dis-
criminant variables

U velocity (m/s)

w within-group sum of squared differences

X discriminant variable

Xikm distinguished characteristie§ in the groupk

_ for the casen

X mean of the discriminant variable

Ykm value of the discriminant function of the group

k for the casen

Greek letters

e phase holdup
n viscosity (cP)
0 density (kg/nd)
Subscripts

g gas phase

k group number
I liquid phase
m case number
S solid phase

circulating operation, for which the liquid velocity is equal
to the critical transition velocity)ic. This transition velocity

is defined as the velocity at which the particle circulation rate
changes from zero to a non-zero va[@g. Within this cir-
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velocity can also be determined as the minimum velocity for
maintaining the operating stability of the riser at a constant
solid circulation rate.

In order to study the fluidization’s hydrodynamic behav-
iors, it is important to predict the transition velocities at the
boundary between different fluidization regimes. There are
a number of experimental data and numerical correlations
available for the boundary between the packed bed and ex-
panded bed regimegd1-13] However, knowledge of the
transition between the expanded and the circulating fluidiza-
tion regimes as well as the transition between the circulating
fluidization and the liquid transport regimes in a three-phase
fluidized bed is still limited.

In this work, the behaviors of voltage signals were in-
vestigated under a wide range of operating conditions in a
three-phase reactor. Three different methods—the new ap-
proach based on the discriminant analysis of the conductivity
voltage signals, the measurement of pressure profile, and the
measurement of solid circulating rate—were used to define
the boundary between the particulate and circulating fluidiza-
tion regimes as well as the transition velocity of circulating
fluidization and transport fluidization. The influences of par-
ticle size, liquid viscosity, and gas flow rate on the transition
velocity were studied as well.

2. Experimental set-up

Fig. 1shows the set-up of a gas—liquid—solid three-phase
circulating fluidized bed, GLSCFB, consisting of two main
Plexiglas columns. The vertical Plexiglas riser column is
7.6 cm in diameter and 2.0 m in height, and the vertical Plex-
iglas downer column is 10 cm in diameter. Glass beads with
average diameters of 433n, 700um and 130Qum and a
density of 2500 kg/ry were used as the solid phase. Oil-free
air was used as the gas phase. Tap water and sugar—water
mixtures, having viscosities of 1.8 and 3.5 cP were used as
the liquid phase. The liquid pumped from the reservoir is
divided into two streams with the primary liquid stream en-
tering the bottom of the riser and carring particles up to the
top of the riser where they are separated by a vortex-filter.
The auxiliary liquid stream enters at the side of the downer
and controls the amount of particles sent into the riser via

culating fluidization regime, the pressure between the riser the L-valve. The superficial liquid velocity is the sum of the
and the downer is well balanced. This pressure balance beprimary and auxiliary liquid flow rates. If the auxiliary liquid

tween the two columns controls the circulating condition and
influences the lower boundary of the circulating fluidization
[10]. Solid particles circulate in the fluidization unit, and gas

bubbles are small and distributed uniformly along the bed.

flow rate is set to zero, there is no solid particle flowing to the
riser, and the solid circulation cannot be achieved in the CFB
unit even though a high primary liquid flow rate is applied.
With increasing auxiliary liquid flow rate more solid parti-

As the liquid velocity keeps increasing, the pressure gradient cles are circulated in the riser so that the solid circulation rate
decreases. Finally, the transition of the transport fluidization increases. The solid circulating rate is determined by measur-

regime is marked at the critical liquid velocity;;, which is
the upper limit velocity for the circulating fluidization regime.

ing particle mass, which are collected in a section above the
butterfly valve, for a given time period. The solid circulating

At this state, the pressure gradients at every elevation in therate and liquid velocity in the riser can be controlled inde-

riser column are finally equal, which implies uniform distri-
bution of solid particles along the risg,10]. This critical

pendently by regulating the flow ratio between the two liquid
streams. A gas distributor, a perforated stainless steel plate
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Air exit the electrical conductivity signals were measured at the same
time.

Liquid exit

3. Discriminant analysis

The discriminant analysis uses continuous measurements
on different groups of items to highlight aspects that distin-
guish the groups and to use these measurements to classify
new items. The discriminant function is a linear combination
of variables and can be defined as follddA4]:

nl%l:l Yim = ciXaiom + c2Xokm + - -+ + cuXukm (1)

The discriminating variabléXym, is the distinguished char-

, acteristicsX; in the groupk for the casem. Yy, is the value

of the discriminant function of the groupfor the casen. ¢

is the coefficient, which produces the desired characteristics
in the function.

Lp ) For example, a system has two groups, Aand B, which also
can be commonly called clusters. These groups are both rel-
atively homogeneous. The items of each group clearly differ

in their behavior with respect to the variables. To summarize
the position of a group, imaginary point%, andYg, repre-
senting centroids, which coordinate the groups’ means, can
Fig. 1. The model gas-liquid—solid circulating fluidized bed column: (a) be calculated.

auxiliary liquid line, (b) main liquid line, (c) air line, (d) gas distributor, (e)

pressure transducers, (f) pressure control valve, (g) heat controller, (h) riser, ! — ! —

(i) downer, (j) vortex-filter, (k) conductivity probes, (I) butterfly valve, (m) YA = Z ciXin, Y = ZCiXti i=1...,1 (2
heater, (n) flow meters, (0) L-valve, (p) cooling coil, (g) water reservaoir, (r) i=1 i=1

personal computer.

and X o is the mean of the variabi i=1,..., my).

with small pores of 3um diameter located at the riser base, — A 8

is used to create fairly uniform gas bubbles. All experiments XoA = A Y Xoa and Xog= P D Xosi ©)
were carried out at ambient temperature. i=1 i=1

Pressure transducers and wall electrical conductivity wherems andmg are the number of cases in groups A and
probes were used to measure the pressure gradients and thg,
voltages at two axial positions, 0.5 and 1.45m from the gas  The first step of the analysis is to find the coefficients
distributor. A pair of electrodes was simultaneously supplied (i=1, .., n). For this purpose, twa-dimensional matrices
with a 1kHz ac current. The pressure transducers and wallp andw are defined. The diagonal bfis the sum of squared
conductivity probes were connected to a data acquisition sys-differences between groups for each variable and the diagonal

tem, which measured the data at frequency of 150 Hz for 30 s.element ofw is the within-group sum of squared differences.
The software “Visual Designer” was employed to record the

data of pressure drop and conductivity simultaneously. 2 m
As mentioned earlier, three different measurement tech- v v
niques were applied to determine the transition velocities =~ Z Z( ion = Xit) (X jon = X j)

o - . k=1m=1
within a three-phase fluidized bed. For the experimental set- "
up of the pressure profile and the solid circulating rate meth- and
ods, the particles were first packed in the riser column. Then 2 my
the auxiliary flow was set at a constant value_ of 1.38cm/s, p;; = Z Z(xikm — X)X jkm — X))
for all the experiments. For each set of experiments, a con- k=l m—1
stant gas flow rate was used. Four different gas flow rates, 0, _—
35.1,66.6 and 113.6 mL/s, were introduced in the fluidization - -

o . L ' . . — Xikm — Xik)( Xigm — X 4

unit. The primary liquid flow was increased gradually until /;’nz_l( tkim k)X jin *) “)

the transport regime of solid particles was reached. After each _
increment of the primary liquid velocity, once the systemwas wherery is the number of the cases in the grdyiX; is the
stable, the pressure gradients, the solid circulating rate, anctotal mean value of the variabl¢ for all cases.
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The value of the discriminant function differentiates TheF-test of this distance has the fofttb],

group-means in such a way that minimizes the within-group ma+me— p—1 mam
difference {) and simultaneously maximizes the between- F = ( A B P > ( ATB )D2 (12)
group differencelf). This can be implemented by solving a (ma +mp —2)p ) \ma +ms
maximization problem. with p and fna +mg — p— 1) degree of freedonp is the
, number of variables. The null hypothesis tested by this crite-
Max [ ¢ bc} (5) rion is that the two multivariate means are equal, or that the
c'we distance between them is zero. That is,
expressed in terms of differential calculus as Ho:[do] =0
/
ki [ c'be } —0 ®) against
dc | c'we Hy:[do] >0

In this study, two groups, A and B are considered. The datain The appropriateness of this equation as a test of a discriminant
each group are classified into two variabfgandX,. There- function should be apparent. If the means of the two groups
fore, through the uses of calculus and other mathematical op-are very close together, it will be hard to separate them. In
erations, the system presented in f&).can be simplified as  contrast, if the two means are well separated and the data of

follows [15]: each group are scattered about the means, the boundary of
the discrimination will be clear.
Lsij] lej] = [4)] (7) This is a new attempt to apply the discriminant analy-
. sis to define the boundary between the particulate regime
with [16], (group A) and circulating regime (group B) of a three-phase
ma fluidization system. The experimental data obtained from
Soq = Z{(XoAi — foA)(Xqu- — )?qA)} the conductivity probes in the known regimes were used
i=1 to find the discriminant function. In this work, two dif-
me ferent approaches based on this discriminant analysis were
+ D {(Xosi — XoB)(Xqei — Xqe)} (8  performed.

i=1

where thesis the matrix of pooled variances referringto two 4. Results and discussion
variables and thd, is the difference between the means of
the two groups for variables; andXp, which is given by 4.1. Fluctuations of conductivity signals
do = Xoa — XoB ©) The voltage signals recorded through the conductivity
probes in the three-phase fluidized bed under a wide range
of operating conditions are presented here. The conductivity
signals are stable in pure liquid phase. The slight fluctuations
of the conductivity signals are considered as the noise created
by the conductivity tester and have been subtracted from all
experimental data.
Fig. 2 shows the signals recorded from the 3ph-FB and
GLSCFB using 130@um glass beads. It can be seen clearly
maYa +mpYs that the signal of the voltage difference in the GLSCFB fluc-
Yag = T ma+mg (10) tuated less than that in 3ph-FB. The shape and high peaks
o ] represent the presence of gas bubbles. In the three-phase cir-
The discriminant index can be used to allocate new sam- ¢ |ating flow, the system operated at a higher total liquid ve-
ples of unknown origin to one of these two original groups. |qity. At high liquid velocity, relatively large bubbles were
The significance of the separation between the two groupspoken up by the intensified shear stress. In addition, the bub-
used in t_he discriminant function n.eeds.to be tested. To dopjes flowed upward faster, reducing, in turn, their chance to
so, the distance, called Mahalanobis’s distance or the gener¢oajesce. Thus, gas bubbles distributed more uniformly in the
alized distance, denoted 8g, is calculated. This distance  yiser column. This characteristic led to fewer fluctuations in
is equivalent to the differences between the two multivariate e signalg17,18]

means, The voltage signals in the three-phase system present an
2 _ v ¥ v ¥ interesting outcome. The experimental results obtained in this

D7 = (ma +ms — p)lca(X1a — X18) + c2(X2a — X28)} work clearly show that the fluctuations of voltages are af-

(12) fected by many operating conditions. The influence of the

The ¢ coefficient can then be calculated using E€). The
function of linear combination of these variables can be
solved. From this linear function, all the terms can be added
together to yield a single number, which is called the discrim-
inant index,Yag . This number is the point along the discrim-
inant function line that is exactly the mid-point between the
centroids of groups A and B.
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Q,=113.6 mL/s

0.8 1
dp =1300um

0.6

Up=1.38 cm/s

Voltage difference, Volt

-0.8 4

Time, sec

Three-phase conventional fluidized bed at U; = 6.9 cm/s

—— Three-phase circulating fluidized bed at U; = 14.5 em/s

Fig. 2. Therelationship betweéfand liquid velocity for the comprehensive

study of the discriminant analysis.
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sulted in smaller gas bubbles, leading to less fluctuation in the
signals. In addition, similar trends were also observed for the
systems of 700 and 13Q0n glass beads with a constant gas
flow rate of 35.1 mL/s as shown ig. 3b. In the system of
the bigger glass beads, the transition between the two zones
took place at a higher liquid velocity due to a higher terminal
velocity of solid particles. It is also seen that the standard
deviation increased when the particle size increased at the
same liquid velocity. But the influence of bead size was less
dominant at a high liquid velocity. The sharp decrease in the
standard deviation of the voltage signal was clearly observed
in the system of 130@m glass beads. An increase in the lig-
uid velocity induced enough drag force on the solid particles
to overcome the interaction force between phases. The parti-
cles were dragged upward and the fluctuations of the signals
were consequently decreased. Therefore, the liquid velocity
was clearly the dominant factor for the standard deviation of
the electrical voltages.

The gas flow rate was another important factor influenc-
ing the voltage fluctuation presentedHiy. 3a for the system
of pure water, andrig. 4a and b for the system of 1.8-cP
and 3.5-cP sugar—water mixtures, respectively. The standard
deviation of the voltage signals increased when the gas flow

total liquid velocity on the standard deviation of the voltage rate increased for every liquid system. A higher gas flow rate
signalsis shownifrig. 3a, for the systems of pure water under generated more wakes in the riser. They enhanced interac-
various gas flow rates. Four hundred and thirty-three microm- tions between phases and resulted in more fluctuations of the
eter glass beads were used for the solid phase. The curve ofoltage signals.

voltage fluctuations can be clearly separated into two zones.

The effect of liquid viscosity on the fluctuation of the

The first portion of the curve at relatively low liquid velocity ~ voltage signals is presented Kig. 5. The 1.8-cP, 3.5-cP

has a sharp decrease in standard deviation with increasing lig-sugar—water mixtures and 1 cP-pure water were used as con-
uid velocity, representing the particulate fluidization regime. tinuous liquid phases. The experiments were conducted at a
In the second portion of the curve, the decrease of standardixed gas flow rate of 35.1 mL/s and four different liquid ve-
deviation becomes graduated with increasing liquid velocity. locities. The standard deviations of voltage were gradually
This section was the characteristics of circulating fluidization reduced with increasing liquid viscosity. This characteristic
regime. In a fluidization system, the higher liquid velocity re- can be explained by a higher liquid viscosity creating a higher

(a) 0.14 (b) 0.14
Water
0.12 - dy =433 pm 0.12 A
0.1 1 0.1 1
= =
2 2
= k=
£ 0.08 5 0.08 -
[a) (a]
e =
5 0.06 - 5 0061
E g
0.0 B
0.02 1 0.02
0 T T T 0 T T T T T
0 6 12 18 24 0 4 8 12 16 20 24
Liquid Velocity (cm/s) Liquid Velocity (cm/s)
o Q,=351ml/s X 0, =66.6ml/s ® d,=433um O d,=700 um X d,=1300 um

Fig. 3. The effect of the liquid velocity on the standard deviaiton of voltage signal for (a) under various gas flow rates, (b) for three diffetersyséetits

with fixed gas flow rate of 35.1 mL/s.
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(a) 0.14 (b) 0.14
1.8-CP Sugar 3.5-CP Sugar
0.12 1 dy =433 pm 012 4 d, =433 um
01 _ OI E
[ = =]
S S
2 0.08 1 2 0.08 A
] L
a a
Z 0061 T 006
g =
= s
“ 0,04 o @ 0.04
0.02 0.02
O T T T 0 T T T

12 18
Liquid Velocity (cm/s)

6 12 18 24

Liquid Velocity (cm/s)

24

® O, =151mL/so Q,=351mL/s&Q,=55mL/s X(Q,=95mL/s

Fig. 4. The effect of the liquid velocity on the standard deviation of voltage signal under various gas flow rates for (a) 1.8-cP sugar-water teixtufie)sys
3.5-cP sugar—water mixture system.

drag force on the particle surface and forcing the dispersed4.2. The boundary between the expanded and the

phases to move in one direction. This phenomenon led to circulating three-phase flows

small interactions between phases. In addition, the results

also indicated that liquid velocity reduced the effect of liquid 4.2.1. Discriminant approach

viscosity on the voltage signal fluctuations. From the observation presented in the previous section,
The signals of the conductivity voltage provided interest- the fluctuations of conductivity signals showed distinct fea-

ing results that could be used to identify the transition bound- tures in the expanded bed and in the circulating fluidization

ary of a three-phase fluidization system. regime. The liquid velocity appeared to be a dominant fac-

tor for the transition boundary between the two fluidization

regimes. Therefore, the liquid velocity and standard deviation

of conductivity signals were used as the variables of discrim-

inant analysis. The discriminant analysis was then applied to

each set of the experimental data of known regime. These

data were separated into two groups A and B: expanded and

circulating fluidization regimes and the valuesYafandYg

are determined using the method described in Seétidhe

discriminant indexYag, was computed using E¢LO). The

computedYs andYg can be plotted in the same graph as a

function of liquid velocity.Fig. 6 shows an example ofa

andYg versus liquid velocity when the fluidized bed is op-

0.1

0,=351mL/s
dy =433 um

0.09

0.08

0.07

0.06

005 4

0.04

Standard Deviation

005 erated at a gas flow rate of 66.6 mL/s. The transition liquid
0.02 1 2 velocity can be obtained when the fitting equation was set to
001 - ] be equal to the discriminantindex value, which was 13.6 cm/s

as indicated on the curve 6fg. 6.

The same analysis was applied for all other experimental
results. The transition velocity can then be expressed as a
function of the operating conditions, liquid property, and
particle size. The effect of particle sizes on the transition
liquid velocity is shown inFig. 7. It can be seen that bigger
particles lead to a higher transition liquid velocity from the

0 T T T T

2 2.5
Viscosity (CP)

¢ Ui=17cm/s O U=35cm/s AU=T73em/s X U;=12.8 cm/s

Fig. 5. The fluctuation of the voltage difference measured in the three-phase
expanded and circulating fluidized bed for 438t glass beads under fixed
liquid viscosity, gas flow rate and auxiliary velocity of 1 cP, 113.6 mL/s and
1.38cmls, respectively.

expanded bed to the circulating fluidization regirkég. 7
also shows the influence of the gas flow rate on the transition
velocity. In the system of 43g:m glass beads, the transition
velocity clearly decreased with increasing gas flow rate. This



M. Vatanakul et al. / Chemical Engineering Journal 108 (2005) 35-45

0, =66.6 mL/s
d, = 1300 pm
MW=1lep

Transition
liquid velocity

14 16 18 20

Liquid velocity (cm/s)

Fig. 6. The relationship betweenand liquid velocity of the discriminant
analysis based on the liquid velocity effect under the operating conditions
of 66.6 mL/s gas flow rate, 1 cP water and 1300 glass beads.

observation was also obtained in the work of Liang et al.
[2] The same effect of gas flow rate on the transition liquid
velocity can also be observed in the 4261 bead system of
higher liquid viscosity (3.5 cP) as shownhiig. 8.

On the other hand, ifig. 7, gas flow rate presented in-
teresting impact on the two bigger particle systems (460-

14 a
& = A
HE 8 ® =
12 4
ERIE
2
b}O-
2 9 .
v &
> 84— —
__T_ A *
= 7#\@\(
‘:i L
= 61
2
a 5_
g
& 47
-';A
2_
14 W=1cp
0 T T T T T
0 20 40 60 80 100 120

Gas Flow Rate (mL/s)

1300-um glass beads using 700-um glass beads using

O Pressure gradient W Pressure gradient
4 Discriminant ananlysis A Discriminant ananlysis

¢ Solid circulating rate + Solid circulating rate

X 433- um glass beads using Discriminant analysis

o Result from Liang et al. (1995a)

Fig. 7. The effect of gas flow rate on the transition liquid velcoity of the cir-

cualting fluidizaiton regime measured by three different mehtods for systems

of three different particle sizes.

41

Transition Liquid Velocity (cm/s)

dp, =433 um
0 T T T T T

20 40 60 80 100
Gas Flow Rate (mL/s)

120

* 1-CP water

4 3.5-CP sugar

Fig. 8. The effect of gas flow rate on the transition liquid velcoity of the
circualting fluidizaiton regime for two different liquid viscosity systems of
433+4um glass beads.

and 1300pm glass beads). The transition velocity first in-
creased when the gas flow rate increased. Beyond a gas flow
rate at approximate 66 mL/s, the transition liquid velocity
slightly decreased with further increase in the gas flow rate.
The presence of gas bubbles has two effects on the transition
velocity. On one hand, gas bubbles tend to lower the viscos-
ity and density of the pseudo-carrying fluid, where gas and
liquid phases are considered as one phase. This characteris-
tic reduces the carrying capacity of fluidizing media. On the
other hand, the wake of gas bubbles enhances the upward
motion of solid particles, leading to an increased carrying ca-
pacity. Large bubbles always occur at high gas flow rates. At
a low gas flow rate (less than 66 mL/s), the decrease in fluid
viscosity and density dominates. Hence, the liquid velocity
required for the transition from the expanded bed to the cir-
culating regime appears to increase. The bubble wake effect
became more important when gas flow rate is high enough,
which results in a lower transition liquid velocity. The same
phenomenon was not observed in the system of di333jlass
beads. These particles have a lower particle terminal velocity,
and are therefore easily carried upward. The gas flow only
facilitates this motion.

Fig. 8shows that the transition liquid velocity of the flow
system reduced when the liquid viscosity was increased. An
increase in the liquid viscosity enhanced the shear stress act-
ing on the particles. This increase resulted in a higher drag
force, and therefore, the circulation regime was reached at a
lower transition velocity.

4.2.2. Comparison of the transition velocity determined
by different methods

The transition velocities determined using the discrimi-
nant analysis approach were compared to the ones obtained
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13000
. 0, = 66.6 mL/s
12000 3 ! dp = 1300 m
! ! HW=1cp
£ 11000 A ; 5
Z i Circulating
5 ) ‘ Fll11q|zallon . Liquid
-g 10000 4 Cor_wgnugnal Regime ; Transport
S Flulsilzauon A : Regime
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Liquid Velocity, cm/s

Fig. 9. The pressure gradient variation measured at two elevation in a three-phase fluidized bed at gas flow rate of 66.6 mL/s, usingld&9beads and
1-cP water.

by the pressure gradient variation and the solid circulating merged into one curve. There was no variation of the pres-
rate methods. sure drop in the fluidization unit, and the critical boundary
The pressure gradient variation method was first presentedbetween the circulating and the transport fluidization regimes
by Liang et al[2]. The pressure gradients at two axial loca- was obtained.
tions were plotted as a function of total liquid velocity. For an Under the same operating conditions, the result obtained
example Fig. 9 shows the results obtained in the 1300+ using the solid circulating rate method is presentdegn 10
glass bead system with a fixed gas velocity of 66.6 mL/s. The This method, firstly proposed by Liang et HlO], shows the
pressure gradient at the lower test section (0.5 m) kept de-relationship between the solid circulating rate and the liquid
creasing with increasing liquid velocity. This characteristic velocity. At a liquid velocity of about 13.4 cm/s, the solid
was created by the expansion of the bed. On the other handgirculating rate in the system started to increase from the
the pressure drop measured at the upper test section (1.45 ngero to non-zero value. At this point, the system entered the
was started to increase with increasing liquid velocity at a circulating fluidization regime. With further increasing lig-
liquid flow of about 11.4 cm/s. When the value of the liquid uid velocity till the liquid velocity was at about 16 cm/s, the
velocity was 13.6 cm/s, the pressure gradient reached a maxidiquid velocity finally had no influence on the solid circulat-
mum value. At this point, the transition between the expanded ing rate, and the fluidization transferred from the circulation
and circulating fluidization regimes was defined. With further fluidization regime to the transport one.
increase in the liquid velocity, the pressure gradient startedto  The transition liquid velocities obtained using the pres-
drop quickly. Ataliquid velocity of approximately 16.6 cm/s,  sure profile method and the solid circulating rate method are
the pressure gradients at the two measurement locations weréisted inTable 1 In addition,Table lalso presents the transi-
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Fig. 10. Relationship between solid circulating rate and liquid velocity in a three-phase fluidized bed at gas flow rate of 66.6 mL/s, ugimggl@§dbeads
and 1-cP water.
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Table 1
Comparison of the regime transitions in the three-phase fluidized bed obtained by the pressure profile and the solid circulating rate methods
dp (m) i (cP) Qg (mL/s) Transition velocity between expanded Transition velocity between circulating and
and circulating regimes (cm/s) transport regimes (cm/s)
AP method Gs method® AP method Gs method®
700 1 0 6.4 7 10.7 10
351 8 7.4 11.7 12.1
66.6 8.9 8.9 11.4 11.3
1136 7.6 8.1 - 12.6
1300 1 0 12.6 12.8 15.4 15.5
351 12.7 12.9 15.2 15.3
66.6 13.6 134 16.6 16
1136 13.3 12.6 - 16.3

2 Pressure gradient profile method.
b Solid circulating rate method.

tion velocity between the circulating and transport fluidiza- be 0.054, which corresponded to the critical comprehensive
tion regimes obtained by the pressure profile and the solid liquid velocity of 8.9 cm/sFig. 11).

circulating rate methods. The results of these two methods The significance of the separation between the two groups
agreed well to each other. was tested using the-test described earlier (Eq4.1)—(12).

Fig. 7 compares the transition velocities between the ex- The calculated value was 84.58, which was much higher than
panded and circulating fluidization regimes determined by theF-number atthe standard level of 0.05 (equal to 3.08). This
the new mathematical approach, with the two previously re- condition confirmed that the choice of these two variables was
ported; the pressure profile method and the solid circulat- valid.
ing rate method. A good agreement was obtained. Moreover, The comprehensive discriminant inde¥ag, was then
Liang et al.[2] reported that the transition velocity of the used to classify 35 sets of experimental data. If the computed
circulating fluidization was about 6.1 cm/s for a three-phase Y value was greater than 0.054, the system was in a circu-
fluidized bed using 40p:m glass beads with a gas flow rate of lating fluidization regime. Otherwise, the system was in an
82.09 mL/s. This result was also in good agreement with the expanded fluidization regime. The transition boundaries ob-
transition velocity calculated by the discriminant analysis for tained from the comprehensive approach were in good agree-
a similar fluidization system, as shownhig. 7. Therefore, ment with results calculated using the discriminant approach
it can be concluded that the discriminant approach is reli- as shown inTable 2 Slight discrepancy between these two
able and effective for the prediction of the boundary between methods was observed around the transition region. This dis-
expanded bed and circulating fluidization regime under the
wide range of operating conditions.

0.14
4.2.3. Comprehensive approach 012 4 Circulating
The aforementioned approach requires a complete dis- Hndmtonsine
criminant analysis to be performed for each experimental 014
condition, as the physical property of fluidizing media and the 0.08 | Tramsition
particle size are not taken into account. Thus, to include these liquid velocity
factors, a comprehensive study is proposed here. A compre- 0069 ™
hensive liquid velocity is defined as one discriminant variable Conventional
to consider the effect of gas flow rate, liquid viscosity, and Ll b -
particle size. The other variable was the modified standard 0.02
deviation, which can be expressed as,
U 1 |
(o2 i
s (13) P AN NV
L 0 2 4 6 8 10 12 14 16 18 20
whereo is the standard deviation of the conductivity sig- Comprehensive Liquid velocity (cm/s)

nals.U is the liquid velocityUg the gas velocityg, the aver-

age particle size ang, the liquid viscosity. The analysis was
performed on 65 sets of experimental data operating under
the expanded three-phase fluidization system, and 50 sets of
data taken under the conditions of circulating fluidization sys- Fig. 11. The relationship betweafand liquid velocity for the comprehen-
tem. The comprehensive discriminantindex was computed tosive study of the discriminant analysis.

X Unknown data determined as conventional fluidization regime

A Unknown data determined as circulating fluidization regime

* Known data
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Table 2
Comparison of the results obtained by the two discriminant analysis approaches
dp (m) i (cP) Qg (mL/s) U, (cm/s) Discriminant approach Comprehensive approach
433 1 0 484 CON CON
433 1 0 623 CON CON
433 1 351 6.23 CON CON
433 1 351 7.61 CON CON
433 1 666 553 CON CON
433 1 666 6.23 CON CON
433 1 666 7.61 CFB CON
433 1 1136 4.846 CON CON
700 1 0 761 CON CON
700 1 351 7.61 CON CON
700 1 666 7.61 CON CON
700 1 1136 7.61 CON CON
700 1 1136 899 CFB CON
433 1.8 151 7.61 CON CON
433 1.8 151 6.92 CON CON
433 1.8 351 6.92 CON CON
433 1.8 55 @2 CON CON
433 1 666 899 CFB CFB
433 1 351 899 CFB CFB
1300 1 0 1245 CON CFB
1300 1 0 1384 CFB CFB
1300 1 351 1384 CFB CFB
1300 1 351 1522 CFB CFB
1300 1 666 1384 CFB CFB
1300 1 666 1453 CFB CFB
1300 1 666 1522 CFB CFB
1300 1 11% 1245 CON CFB
1300 1 11% 1384 CFB CFB
1300 1 11% 1522 CFB CFB
433 1.8 351 1245 CFB CFB
433 1.8 55 1215 CFB CFB

CON—gas-liquid—solid expanded fluidized bed. CFB—gas-liquid—solid circulating fluidized bed.

crepancy may have been caused by the lower precision of thes proved to be a reliable approach to define the transition
comprehensive method due to the combination of a numbervelocity between these two regimes as well. The transition
of operating factors. However, the comprehensive discrim- liquid velocity is a function of the operating conditions and
inant analysis proved to be another reliable approach. Thethe physical properties of liquid and solid phases.
comprehensive analysis has good potential for on-line moni-

toring of the fluidization status in industrial applications since

conductivity detection is a common practice. Acknowledgments
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The fluctuations of the conductivity voltage signals within

the three-phase fluidized bed are affected by liquid viscosity,
particle size and operating conditions, such as gas flow rate
and liquid velocities. The nature of the voltage signal fluc-
tuation led to the new successful approach, which is based _ _ _
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