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Using gas-solid flows in circulating fluidized-bed risers to analogize ®ertical pneu-
matic con®eying systems, the collapse of dilute suspension, that is, the choking of accu-
mulati®e type, was studied in three different risers with respect to different particles. The
collapse of dilute suspension was dominated by an identical differential pressure drop
o®er the measuring section. This differential pressure drop was independent of gas ®eloc-
ity and riser diameter, but ®aried with particle properties. The saturation carrying capac-
ity, the solid flow rate at the dilute suspension collapse, was closely related to particle
characteristics and riser diameter. With an increase in the riser diameter, it increased for
lighter and smaller particles, but decreased for hea®ier and larger particles. Based on
these experimental measurements, as well as the related literature reports, a correlation
was de®eloped for the saturation carrying capacity by analyzing its dependencies on gas
®elocity and riser diameter. More than 150 experimental data of the saturation carrying
capacity a®ailable in the literature were compiled to e®aluate the accuracy of the pro-
posed correlation by comparing with 13 other literature correlations, demonstrating that
this new method has the highest accuracy.

Introduction

For vertical concurrent gas-solid flows, such as that in cir-
Ž .culating fluidized-bed CFB risers, the term ‘‘choking’’ has

generally been used to describe a particular change in flow
behaviors when a pneumatic conveying flow collapses into a
relatively dense condition. Here, the pneumatic conveying
flow refers to the lean-phase operation with little axial varia-
tion in flow characteristics and is also called dilute suspen-

Žsion or sometimes dilute transport Yerushalmi and Cankurt,
.1979; Schnitzlein and Weinstein, 1988 . Owing to the impor-

tance of choking for the design of transport lines and dense
reactors, a great deal of work has been conducted to under-
stand the phenomenon and to quantify its occurrence. Never-
theless, the definition of choking remained unclear until three
different mechanisms that trigger the choking were distin-

Ž .guished by Bi et al. 1993 . Of the three types of choking
defined by them, only the so-called accumulative choking
Ž . Ž .type A and classical choking type C are due to the inher-
ent changes in gas-solid flow itself, while the type B choking
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actually stems from facility inefficiency. The accumulative
choking stresses the essence of solid accumulation at the bot-
tom of a vertical conveying tube and concerns little whether
the process is stepwise or progressive, although both have
been reported in the literature. In comparison, the promi-
nent characteristics of type C choking is said to be the sud-
den formation of slugs or plugs when a steady operation

Ž . Ž .ceases. Matsen 1982 and Chong and Leung 1986 have also
accentuated that the choking phenomenon essentially de-
notes an abrupt or rapid transition of a gas-solid flow from
dilute to dense, even though different flow structures possi-
bly prevail at this transition.

Without distinguishing the different types of choking, the
vertical concurrent gas-solid flows were classified into chok-

Žing and nonchoking systems Yousfi and Gau, 1974; Yang,
.1976; Smith, 1978; Leung, 1980a,b; Konrad, 1986 . This dis-

tinction was based on the first choking definition of Zenz
Ž . Ž .1949 and Zenz and Othmer 1960 , and was proposed to
account for the experimental finding that sluggingrplugging
did not always occur when a lean-phase conveying flow was
terminated. Under certain conditions, the flow was found to
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progressively become denser and less uniform, with the for-
mation of particle clustersrstreams and the onset of consider-

Žable internal solid recirculation Capes and Nakamura, 1973;
.Leung and Wiles, 1976; Yerushalmi and Cankurt, 1979 . By

defining the accumulative choking, the choking phenomenon
should then prevail in all vertical pneumatic conveying sys-

Ž .tems. Either the type A for nonslugging system or type C
Ž .for slugging system choking must become pronounced when
a lean-phase flow collapses, depending on the flow condi-
tions such as column diameter, solid density, particle size and
the experimental technique for finely adjusting the gasrsolid

Ž .supply Nomura, 1998 .
On the other hand, the gas-solid flows in CFB risers pos-

sess different flow regimes. With reducing gas velocity at a
given solid flow rate, they are, in succession, dilute suspen-
sion, fast fluidization, turbulent fluidization, bubbling flu-

Židization, incipient fluidization, and fixed bed Li and Kwauk,
.1994; Kwauk and Li, 1996 , respectively. Hence, the choking

at dilute suspension collapse must be the type A choking, and
the type C choking cannot come into play until the flow tran-
sits to bubbling fluidization. This implies that the type A
choking corresponds to the regime transition from dilute sus-
pension to fast fluidization, as was similarly suggested by

Ž . Ž . Ž .Matsen 1982 , Yang 1984 , and Chong and Leung 1986 .
ŽTwo choking points are also possible for one system Bi et

.al., 1993; Bai et al., 1998 , with the type A choking having a
smaller solid flow rate for a specified gas velocity or a higher
choking velocity for a given solid flow rate. Nonetheless, the
type C choking is essentially condition-dependent and pre-
dominant only for those systems with small column diameters
Ž .Nomura, 1998; Xu et al., 1999a . For most practical gas-solid
conveying systems, the predominant choking should be type
A since such flows are usually free of slugsrplugs. Gas bub-
bles, as well as their induced dynamics, can be similarly ob-
served, but the relevant hydrodynamic features would be
commonly recognized as a regime transition other than a
choking of type C. Therefore, the commonly encountered
choking should be the accumulative type exclusively that oc-
curs just as a dilute suspension collapse.

This study concerns the mechanics and quantification of
the accumulative choking. After a review of the literature
work, experiments were conducted to observe the mechanism
dominating the dilute suspension collapse and the type A
choking, with an emphasis on the influences of the column
diameter. Then, a correlation was developed for the solid flow
rate at the choking, and was validated by comparing with the
literature measurements. From the viewpoint of solid convey-
ing, this solid flow rate just corresponds to the maximal at-
tainable value for a given gas velocity, called the choking ve-
locity U , without solid accumulation at the bottom of theck
conveying column. Therefore, it is generally the same as the
saturation carrying capacity G� of the gas velocity employeds
ŽZenz and Weil, 1958; Wen and Chen, 1982; Yang, 1983; Li

.et al., 1992 .

Existing Work
Table 1 summarizes the well-documented literature corre-

lations for U and G�, along with their corresponding fun-ck s
Ž .damentals assumptions used for correlation development.

Ž .Of the correlations, only the recent one from Xu et al. 1999b

clearly mentioned that it was for type A choking, while the
others did not consider the differences in choking definition.

Ž .The correlation of Leung et al. 1971 was based on the as-
sumption that the gas-particle slip velocity at choking is equal

Ž .to the free-fall terminal velocity u of a single particle andt
that the voidage at choking � is equal to 0.97. Yousfi andck

Ž .Gau 1974 suggested that choking occurs when a vertical
uniform suspension flow becomes unstable, which was
thought to be related to the Froude number Fr at the chok-
ing velocity U . On account of the serious deviation stem-ck

Ž .ming from the assumption by � s0.97 of Leung et al. 1971 ,ck
Ž .Yang 1975 assumed a constant friction coefficient of 0.01 of

wsolids to the tube wall at choking computed from Hariu and
Ž .xMolstad 1949 . It was considered that choking takes place

when the solids-to-wall friction is overcome by the solid
weight. The gas-solid slip velocity at choking was also set as
the particle terminal velocity u in the equation of Yangt
Ž .1975 . For correlating the high-pressure choking data of

Ž . Ž .Knowlton and Bachovchin 1975 , Punmani et al. 1976 mod-
Ž .ified the equation of Yang 1975 by applying a factor to the

solids-to-wall friction coefficient. Based on a plot of slip ve-
Ž .locity versus gas velocity produced by Matsen 1982 , Chong

Ž .and Leung 1986 derived an explicit equation for the chok-
ing velocity as well. In 1983, Yang further analyzed the
solids-to-wall friction and found that the friction factor of 0.01
was accurate only for nonslugging situation and another fac-
tor of 0.04 must be adopted for slugging systems, which led to
an improved equation for G�. The correlation of Day et al.s
Ž .1990 was developed by assuming that choking occurs at the
solid inlet of the transport line when a particularly defined

Ž .parameter becomes zero. Later, Bi et al. 1993 pointed out
that the zero value of such a parameter denoted essentially

Ž .the onset of axial variation. The equations of Day et al. 1990
were presented in two different forms for monodisperse and
polydisperse particles, respectively. The correlations of

Ž . Ž .Knowlton and Bachovchin 1975 , Mink 1983 , Bi and Fan
Ž . Ž .1991 , and Bai and Kato 1995 are purely empirical, while

Ž .that of Xu et al. 1999b is based on experimentally observed
dependencies of G� upon U and D .s ck t

A few other correlations have also been reported. Based
on the authors’ own experimental data, Zenz and Othmer
Ž . Ž .1960 and Doig and Roper 1963 correlated the Froude
number with the mass-flow rate ratio of particles to gas.
However, due to their low accuracy, these two correlations

Žhave not been popularly noted by the academic circles Leung
.et al., 1971 . Models and methods were also developed by

Ž . ŽLeung and Wiles 1976 and by Briens and Bergougnou 1985,
.1986 to calculate the choking parameters of multisized parti-

cle systems. For validation, all of the correlations used the
Ž .measurements of Knowlton and Bachovchin 1975 , the only

data available for polydisperse particles. The correlation of
Ž .Yang 1975 was extended to the case of multisized particles

Ž .by Leung and Wiles 1976 and by Briens and Bergougnou
Ž . Ž .1985 , while the model of Briens and Bergougnou 1986 as-
sumed that choking occurs when the annular zone grows to
occupy 25% of the total pipe cross-sectional area. Nonethe-
less, the choice of 25% was considered arbitrary and did not
correspond to any variational condition related to choking and

Ž .dilute suspension collapse Bi et al., 1993 . A theoretical cri-
Ž .terion has been proposed by Li et al. 1992 to judge the oc-

currence of choking corresponding to the dilute suspension
collapse on the basis of the so-called energy-minimization
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Table 1. Correlations for Choking Prediction Available in the Literature

No. Reference Equations Fundamental or Assumption

Gs
U s32.3 q0.97uŽ .C1 Leung et al. 1971 � s0.97 and gas-solid slip velocity is uck t ck t�p

0.28� Empirical correlation by suggesting that theU Gck sy0.06s32 ReŽ .C2 Yousfi and Gau 1974 dilute suspension flow is dependent ont ž /� Ugd f ck' p Froude number.
� Ž .Ž . Choking occurs when solid weight over-G s U r� yu 1y� �s ck ck t ck p

y4.7 comes the solids to wall friction that is as-Ž .2 gD � y1Ž . t ckC3 Yang 1975 s0.01 sumed to be 0.01. Gas-solid slip velocity is2Ž .U r� yu set as u .ck ck t t

y4 .7Ž .2 gD � y1 Ž .t ck Improving Yang 1975 by formulating the0.77Ž . s0.008743�C4 Punwani et al. 1976 f2 solids to wall friction.Ž .U r� yuck ck t

ba c�� G d dU p s p pck s9.07Knowlton and Pure empirical correlation by correlatingž / ž /ž /C5 � � Dgd f f t' pŽ .Bachovchin 1975 their data measured at high pressure.
as0.347, bs0.214, cs0.246

0.227� Based on Matsen’s slip velocity-voidage re-GsŽ . Ž .U s10.74uC6 Matsen 1982 lationship. Chong and Leung 1986 derivedck t ž /�p the equation.
2.2y4.7Ž . �2 gD � y1 f Ž .1 ck Improving Yang 1975 by formulating theŽ . s681,000C7 Yang 1983 2 ž / solids to wall friction.�Ž .U r� yu pck ck t

0.34Ž .201.6 gd 1y� � � dŽ . p f w pMink 1983 Pure empirical correlation. � , the densitywsC8 �2Ž . Ž .format modified of water, �sG r � UŽ .� � y � � DU s p ckp f p tck

Ž . Ku 1C9 Day et al. 1990 Based on an assumption that choking oc-t
� s �Ž . Ž .0format compiled curs at the inlet to the transport line riserU 1y � r�ck ' f p when a particularly defined parameter be-

comes zero, which essentially implies the1, for d G250 �m° p Ž .onset of axial variation Bi et al., 1993 . �0
Ž .0.89 gd � y � refers to the radially averaged voidage at' p p f~Ks , the inlet. This C9 was for monodisperse0.5u �t p particles, and the C10 shown below was for¢ polydisperse particles.For d �250 �mp

� 1y � r�'G 1y� f ps 0s �
U � � � r� y1ck p 0 ' p f

Ku 1t3.2� s �Ž . 0C10 Day et al. 1990 U 1y � r�ck ' f p

0.542�U Gck s0.105 Purely empirical correlation similar tos21.6 ArŽ .C11 Bi and Fan 1991 Ž .ž / Yousfi and Gau 1974 .� Ugd f ck' p

y0 .44�G d � y �1s p p f Purely empirical correlation by neglecting1.85 0.63Ž . s Fr ArC12 Bai and Kato 1995 ž / diameter influence.� 8 � f

ba�Ž .C13 Xu et al. 1999b G U yu Ds ck t tsK ž / ž /� � u dp t t p
Empirical correlation based on experimen-as2.68y0.0037Ar �tally observed dependencies of G on col-sbs2.13y0.53 ln Ar

Ž .umn riser diameter and gas velocity.4.81Ž .0.0094 Arr100 , ArF87
Ks

4.17½ Ž .0.0087 Arr100 , ArG87

C14 This work as2.355y0.00191 Ar
bs1.740y0.441 ln Ar Ž .Improving Xu et al. 1999b by relating the

�4.093 parameters a, b and K to literature G assŽ .0.0158 Arr100 , ArF50
well.Ks

3.344½ Ž .0.00923 Arr100 , ArG50

October 2001 Vol. 47, No. 10AIChE Journal 2179



Ž .multiscale model EMMS . However, complicated computa-
tion is needed to apply the criterion to actual computations
Ž .Xu and Li, 1998 . The choking phenomenon was also ana-
lyzed with the minimum pressure drop across the whole col-
umn detected when reducing the gas velocity gradually at a

Ž .specified solid flow rate Capes and Nakamura, 1973 . This,
however, was not commonly acknowledged due to discrepan-

Žcies in understanding the minimal pressure drop Leung,
1980a,b; Matsumoto and Marakawa, 1987; Yerushalmi and

.Cankurt, 1979; Bi and Fan, 1991 . In fact, such a pressure
drop was not applied to the choking determination by Briens

Ž . Ž .and Bergougnou 1986 and by Drahos et al. 1988 , althoughˇ
it was obviously observed in their experiments.

Extensive work has also been carried out to compare the
various correlations and computation methods mentioned
above. The earlier works include those by Punwani et al.
Ž . Ž .1976 and Leung 1980a,b . Although it is difficult to com-

Žment on the correlation accuracy that they gave due to the
.limited data used for the validation , a suggestion made by

Ž .Leung 1980a,b is noteworthy. That is, any correlation with-
out column diameter included should not be recommended
for large-scale facilities. An evaluation was then made by

Ž .Briens and Bergougnou 1986 for the correlations of Knowl-
Ž . Ž .ton and Bachovchin 1975 , Mink 1983 , Yousfi and Gau

Ž . Ž . Ž .1974 , Punwani et al. 1976 , and Yang 1983 . A total of 74
Ž .experimental points compiled from Zenz 1949 , Lewis et al.

Ž . Ž . Ž .1949 , Ormiston 1966 , and Capes and Nakamura 1973
were employed. Through computing the relative deviations,
they concluded that, for monosized particles, the equation of

Ž .Yang 1983 gave the best predictions, whereas those of
Ž . Ž .Knowlton and Bachovchin 1975 and Mink 1983 showed

very poor accuracy. A method proposed in the same article
for multisized particles was also shown to have better accu-
racy than any other model, such as those of Leung and Wiles
Ž . Ž .1976 and Briens and Bergougnou 1985 . By including the

Ž .measurement of Yerushalmi and Cankurt 1979 into the
Ž .data set utilized by Briens and Bergougnou 1986 , Chong

Ž .and Leung 1986 compared the correlations of Leung et al.
Ž . Ž . Ž .1971 , Yousfi and Gau 1974 , Yang 1975, 1983 , Punwani

Ž . Ž .et al. 1976 , and Matsen 1982 . Attention was paid to the
differences raised by different particle groups. It was found

Ž .that the equation of Yousfi and Gau 1974 was applicable to
Žgroups A and B particles of Geldart’s classification Geldart,

. Ž .1973 and that of Yang 1975, 1983 can be used for mono-
sized group D particles. The use of the surface-to-volume
mean diameter was suggested for multisized particles, show-

Ž .ing that the correlation from Leung et al. 1971 gave a better
prediction. Using the same set of data compiled by Briens

Ž . Ž .and Bergougnou 1986 , Day et al. 1990 stated that their
correlation could give a slightly better result than that ob-

Ž .tained by using the equation of Yang 1983 for single-sized
Ž .particles. Using the data of Knowlton and Bachovchin 1975 ,

they also showed that their equation for polydisperse parti-
cles was more accurate than the model of Briens and

Ž . ŽBergougnou 1986 the weight-average particle diameter was
. Ž .used . The latest comparison by Bi et al. 1993 stressed that

it was certainly impossible to unify the choking data having
different definitions using only one correlation. Accordingly,
the literature data were classified into three groups in
accordance with their criteria of choking determination. A
total of 71 points for type A choking and 74 for type C chok-

Žing were compiled, resulting in the equations of Yang 1975,
. Ž .1983 and Bi and Fan 1991 , which are recommended for the

Ž .accumulative choking, while that of Yousfi and Gau 1974 is
recommended for the classical choking.

In summary, we thus can see that the mechanics dominat-
ing the occurrence of choking is still not clear. Various as-
sumptions have been proposed for correlation development,
but none of them has been supported by evidence obtained
from experiments. Another important issue related to chok-
ing and dilute suspension collapse is the diameter influence.

Ž .In addition to a conceptual indication by Leung 1980a,b ,
Ž .Yang 1983 clearly showed that the choking in the vertical

conveying system is greatly dependent on bed configuration,
as well as on solid characteristics. The tube diameter has also
been treated as a critical parameter by Chong and Leung
Ž .1986 in evaluating a choking correlation. However, so far,
very few studies have been devoted to choking behaviors in
conveying columns with different diameters, although phe-
nomenal delineations for dilute suspension collapse in differ-
ent CFB risers have been made by Yerushalmi and Avidan
Ž . Ž .1985 and by Chang and Louge 1992 . Some correlations
summarized in Table 1 involved the tube diameter D , andt
all of them actually resulted from mathematical regressions.
With these recognitions, a series of works has recently been
conducted to characterize the dilute suspension collapse and

Ž .choking in different CFB risers Xu et al., 1997a,b, 1999a
and to determine the influence of riser diameter on the satu-

Ž .ration carrying capacity Xu et al., 1999b, 2000 . This article
is an extension of such previous works, while a great effort is
made to relate the present findings to those presented in the
literature. More than 150 experimental data are compiled to
evaluate the major correlations for choking predictions. Even
now, there is confusion as to the accuracy of literature corre-
lations and the choice of them. This stems not only from a
poor understanding of the choking mechanics, but also from
the insufficient validation of the literature equations. Before

Ž .Bi et al. 1993 , all comparisons did not consider the different
types of choking, and only the experimental data before the
1970s were used for the comparison. The distinction of chok-
ing definitions enabled rather good estimations of various
correlations, but many of the measurements reported in the
last few decades were not included in the work of Bi et al.
Ž .1993 . In addition, Bi et al. considered only seven of the
correlations listed in Table 1.

Experimental Studies
Figure 1 shows the experimental CFB. The three risers used

had the same bed height of 3.0 m, but different inner diame-
ters of 66, 97 and 150 mm, respectively. A common down-
comer that had an ID of 150 mm and a height of 1.0 m was
employed to serve all of the risers. The gas velocity entering
the riser U was measured using an orifice meter. The gas-g
flow rate to the downcomer and the downer bed height were

Žconstantly maintained throughout the experiments the
downer bed height referring to the height of the fluidized

. Ž .particles in the downcomer . Xu et al. 1999a showed that
the downer bed height actually has little influence on the
measurement of the dilute suspension collapse. The solid cir-
culation rate G was controlled using a ball valve and wass
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Figure 1. Experimental apparatus.

measured by diverting the circulating particles into a solid-
rate-measuring standpipe within a period preset with a timer.

The dilute suspension collapse was judged with the differ-
ential pressure drop � P r�Z measured between taps T1 andd
T2. In order to accurately detect the collapsing point, it was
thought that the bed section selected for the measurement,
for example, between taps T1 and T2, should be located as
low as possible because the dense flow always appears first in
the bottom region of the bed. In this study, the lowest tap T1
was located on the opposite side of the solid feed inlet con-
nected to the downcomer, which was only 200 mm above the
riser distributor. This also allowed the direct impact of the

Table 2. Properties of Particles Used in this Study

FCC-I FCC-II Alumina Silica Sand
Ž . Ž . Ž . Ž .Group A Group A Group A-B Group B

d F d F d F d Fpi p i p i p i p i p i p i p i
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .�m % �m % �m % �m %

137.5 100.0 125.0 99.2 210.0 95.5 460.0 100.0
115.5 99.6 105.0 97.5 177.0 78.2 385.0 99.8
98.0 95.1 88.0 95.2 149.0 28.8 300.0 99.2
82.5 78.3 75.0 92.5 125.0 12.4 213.5 95.3
69.0 68.2 63.0 72.5 105.0 8.8 163.0 51.3
58.0 49.4 53.0 46.3 88.0 6.6 127.5 30.5
49.0 37.9 45.0 16.7 75.0 5.6 97.0 4.2
41.5 15.4 38.0 7.7 63.0 3.7 81.0 2.1
30.0 6.6 63.5 0.8

3 3 3 3� : 1,623 kgrm � : 1,460 kgrm � : 1,300 kgrm � : 2,220 kgrmp p p p

d : 65.0 �m d : 54.2 �m d : 145.4 �m d : 166.0 �mp p p p

Ar: 15.6 Ar: 8.1 Ar: 138.7 Ar: 355.5
u : 0.193 mrs u : 0.128 mrs u : 0.574 mrs u : 1.028 mrst t t t

Figure 2. Pressure gradients at the bed bottom in dif-
ferent risers for FCC-I particles.

Figure 3. Critical differential pressure drop and appar-
ent solid concentration dominating the dilute
suspension collapse and choking.
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solid feed on the pressure measurement to be avoided. The
distance between taps T1 and T2 was set at 130 mm to en-
sure a minimal detectable pressure drop on the one hand
and a maximal representation for the local flow on the other
hand. The measuring height H was determined as the heightd
above the riser distributor of the middle point of the mea-
sured bed section. An integrated pressure detector with a
successive data acquisition system was used for the measure-
ment of the differential pressure drop � P r�Z. The measur-d
ing range of the pressure detector was 0�1999 mmH O, and2
5,000 data points were collected in each sampling. In this
study, the collapse of dilute suspension was measured at dif-
ferent solid circulation rates by varying the opening of the
solid controlling valve at given superficial gas velocities.

The properties of all used particles are listed in Table 2,
where the diameter d represents the surface-to-volume meanp
diameter and the groups of particles refer to the classifica-

Ž .tion of Geldart 1973 .

Mechanics
Figure 2 shows the typical differential pressure drops be-

tween taps T1 and T2, � P r�Z, around the dilute suspen-d
sion collapse for particle FCC-1. It is clear that there were
similar collapsing behaviors in both the risers employed. Un-
der a specified gas velocity, the collapse is characterized by a
rapid variation in the differential pressure drop � P r�Z fromd
insensitive to sensitive with respect to the change in solid cir-
culation rate G . Accordingly, the critical point denoting thes
dilute suspension collapse can be definitely determined by

Ž .the approach illustrated in Figure 2 Xu et al., 1997a, 1999a .
That is, two lines are used to approximate the variational

Ž . Žcurves before dilute suspension and after rapid accumula-
.tion region the collapse. Their intersection, marked as point

K� in Figure 2, thus reasonably represents the termination of
the dilute suspension flow. Starting from point K�, the axial
profile of the cross-sectionally averaged voidage computed
from the differential pressure drop also becomes axially
nonuniform, as a result of the greatly increased pressure drop

Ž .in the bed bottom region Xu et al., 1997a, 1999a . There-
fore, the determination approach shown here is essentially
consistent with the definition of the accumulative choking.
Further, one can find that the same physical meaning is also
taken by a few other literature criteria demarcating the tran-
sition from lean-phase transport to fast fluidization such as

Ž . Ž .those from Takeuchi et al. 1986 and Li et al. 1988 . In a
Ž .10-m-high riser, Li et al. 1988 defined the transition as the

beginning of a flow condition with a constant solid flow rate
that is independent of the solid inventory in the whole CFB.
This solid flow rate actually cannot come into play unless the
dilute suspension flow is trigged into collapse.

With the determination method exemplified in Figure 2,
the relevant critical parameters for dilute suspension col-

Ž .lapse, namely, for the accumulative type A choking, can then
be quantified from experimental measurements. As exam-
ples, Figure 2 shows the saturation carrying capacity G� ands
the differential pressure drop � P r�Z determined usingd, ck
such an approach.

Summarized in Figure 3a are the critical differential pres-
sure drops between taps T1 and T2, � P r�Z, measured ind, ck

three CFB risers for four different kinds of particles. It can
be seen that an identical � P r�Z prevails at the diluted, ck

Žsuspension collapse for a given species of particles at least
.for groups A and B particles . This critical pressure drop is

Ž . Ž .independent of gas velocity U and riser diameter D , butg t
Ž .varies with particle properties d and � . For this study, thep p

particle FCC-I had the highest � P r�Z, while aluminad, ck
took the lowest value.

Essentially, Figure 3a implies that the collapse of dilute
suspension is dominated by a critical differential pressure
drop across the measuring section. This finding has never
been documented before, but can be identified with several
literature measurements. In addition to the diagram of

Ž .� P r�Z vs. G plotted by Xu et al. 1999a from the data ofd s
Ž .Rhodes and Geldart 1985 and of Yerushalmi and Cankurt

Ž .1979 , Figure 4 shows the pressure drops � P r�Z deter-d, ck
mined from a few other literature measurements using the
approach illustrated in Figure 2. The detailed measurement
conditions can be found in Table 3. It is evident that the
same result can be derived from Figure 4 for the mechanics
dominating the dilute suspension collapse, although these lit-
erature measurements were obtained using different risers
Ž . Ž .D and at different measuring heights H . Nevertheless,t d
the value of such a critical differential pressure drop differs
from report to report, and these differences are thought to
be mainly due to the different particles employed. In addi-

Figure 4. Identification of the critical differential pres-
sure drop dominating the dilute suspension
collapse and choking using literature data.
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Table 3. Experimental Conditions of the Literature Data Referred to in this Article�

D d � u Chokingt p p t
† 3Ž . Ž . Ž . Ž . Ž .No. Author s mm Particle Type �m kgrm Ar mrs Definition

Ž .a Accumulati®e choking
Sets D1 to D5 are de-D1 This work 66 FCC-I A 76 1,623 15.62 0.187
fined according to Fig-97 FCC-II A 54 1,460 8.05 0.124
ure 2, and the choking150 Alumina A-B 145 1,300 140.0 0.573
for D6 and D7 refer toSand B 166 2,220 355.9 1.023
the onset of the rapid in-D2 Yerushalmi and 152 HFZ-20 A 49 1,450 5.98 0.1045

‡Ž . crease in solids concen-Cankurt 1979 FCC A 49 1,070 4.41 0.0809
Ž . tration, that is, in differ-D3 Hirama et al. 1992 100 HA54 A 38 750 1.44 0.0341
Ž . ential pressure drop inD4 Hirama et al. 1995 100 FCC A 54 810 4.47 0.0743

Ž . the measuring section atD5 Horio et al. 1992 50 FCC A 60 1,000 7.57 0.106
the dilute suspensionSand B 106 2,600 108.5 0.647
collapse.D6 Chang and Louge 200 Plastic B 234 1,440 135.7 1.508

Ž .1992 Steel B 67 7,400 127.1 0.807
Ž .D7 Bai et al. 1998 76 FCC A 70 1,600 19.23 0.210

The choking for D8 toŽ .D8 Li et al. 1988 90 FCC A 54 929 5.13 0.0853
D10 refers to the regimeŽ .D9 Takeuchi et al. 1986 100 FCC A 57 940 6.10 0.0914
transition between diluteŽ .D10 Yang and Sun 1990 30 Gel-I A 165 794 124.9 0.463
suspension and fast flu-Gel-II B 325 794 954.3 1.109
idization.Mo-Cat A 85 1,487 32.0 0.273

Ž .D11 Bai and Kato 1995 66, 97, FCC A 76 1,623 15.62 0.187 See §
150

Ž . �D12 Drahos et al. 1988 55 Phos.-I B 120 2,550 154.4 0.748 Seeˇ
Phos.-II B 200 2,550 715.0 1.446

Ž .D13 Satija et al. 1985 107 Sand-I B 155 2,446 319.2 1.008 See note �
FCC A 65 2,605 25.07 0.287

Ž .b Classical choking
The choking of D14 toŽ .D14 Zenz 1949 45 Salt B 167 2,100 342.8 0.988
D18 are all defined asGBs B 588 2,483 17,692 4.308

Ž .the onset appearance ofŽ .D15 Lewis et al. 1949 32 GBs-I A 40 2,483 5.6 0.12
plugs or slugs.GBs-II B 100 2,483 87.0 0.572

GBs-III B 280 2,483 1,910.4 2.187
Ž .D16 Ormiston 1966 25 Sand-I B 120 2,659 161.0 0.772

Sand-II B 151 2,659 320.9 1.039
Sand-III B 225 2,659 1,061.6 1.738
Sand-IV B 265 2,659 1,734.4 2.147

Ž .D17 Mok et al. 1989 20 Sand B 210 2,620 850.4 1.572
Ž .D18 Bai et al. 1998 76 FCC A 70 1,600 19.2 0.21

� 3 y5 Ž . Ž .Air, with � s1.184 kgrm and �s1.82�10 kgr m � s , was used by all the measurements except for Chang and Loung 1992 who employedf
3 y5 Ž . 3 y5 Ž .� s 0.3 kgrm and �s 2.0�10 kgr m � s for plastic, and � s1.49 kgrm and �s1.6�10 kgr m � s for steel.f f† Ž .The type of particles was classified in accordance with Geldart 1973 .

‡The differential pressure drops were measured both above and below the solid feed entrance on the riser, of which the ones above the entrance were
used for the determination of choking.

§ Ž .The onset of a constant voidage differential pressure drop in the measuring section after the dilute suspension flow collapses into a denser condi-
tion.

�The maximal differential pressure drop measured above the lower dense bed section when reducing gas velocity successively from dilute suspension
operation.

� Ž .Stepwise change in dominant frequency or standard deviation of differential pressure drop or in the differential pressure drop voidage itself
measured at the dilute suspension collapse.

tion, this pressure drop is also related to the measurement
methods. First, it is seriously affected by the measuring posi-
tion. At a lower bed level, the effect of solid acceleration

Žcauses a larger pressure drop Arena et al., 1985; Weinstein
.and Li, 1989 . This can be corroborated by the measurements

at different values of H given by Yerushalmi and Cankurtd
Ž .1979 for particle HFZ-20 and in the present study for solid

Ž .FCC-I in the riser of D s97 mm . Second, the length of thet
measuring section also has a significant effect on the ac-
quired values. As a result of the gradual accumulation of par-
ticles in the bottom region of the column, a shorter measur-
ing interval should give rise to a larger differential pressure
drop averaged over the measuring section. Therefore, Xu et

Ž .al. 1999a stated that it is currently difficult to identify a
unique � P r�Z dominating the dilute suspension collapse.d, ck

Figure 3b shows the apparent solid concentrations 1y
� calculated from the critical differential pressure dropsck, app
plotted in Figure 3a. It is clear that as the particle becomes
heavier and larger, which corresponds to an increased

Ž .Archimedes number see Ar in Table 3 , the collapse of the
dilute suspension occurs at a smaller apparent solid concen-
tration. This smaller 1y� actually shows that the diluteck, app
suspension flow more easily collapses into dense flows in the
case of heavier and larger particles, a general result regard-
ing the fluidization characteristics of different particles.
Nonetheless, Figure 3a shows that � P r�Z fails to adhered, ck
to such a relationship. This is because the effect of solid den-
sity � is included in the values of � P r�Z. Essentially,p d, ck
1y� consists of three components, the actual solid con-ck, app
centration, solid acceleration, and solid-to-wall friction. Van
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Ž .Swaaij et al. 1970 demonstrated that the shear friction on
the riser wall is less than 10% of the measured pressure drop,
even in very dense conditions. On the other hand, the mea-
surements using both pressure taps and a direct solid trap by

Ž .Arena et al. 1985 showed that the contribution of accelera-
tion is closely related to the solid concentration itself. At a
given bed elevation, the higher the solid concentration is, the
larger is the acceleration proportion in the apparent value.
Without losing the generality, it can thus be suggested that
the same � P r�Z and 1y� show essentially thed, ck ck, app
equality in actual solid concentration. By measuring the total

Ž .solid amount fed to a riser, Bai et al. 1998 found that the
solid holdup in the riser at the accumulative choking was in-
dependent of gas velocity. This shows the same flow physics
as that demonstrated in Figures 3 and 4.

Quantification
Parametric dependence

In addition to the measurements carried out in this study,
the major experimental data available in the literature were
also compiled to develop a unified correlation for the satura-
tion carrying capacity or for the gas velocity of the accumula-
tive choking. Table 3 summarizes the experimental condi-
tions of all the compiled data, together with their determina-
tion methodology listed under ‘‘choking definition.’’ The par-
ticle diameters in the table usually refer to the surface-to-
volume mean values, and the particle terminal velocities were
calculated with respect to such average particle sizes by using

Ž .the drag coefficient equation of Xu and Li 1998 . While the
data sets D1 to D5 were derived using the same method as
that illustrated in Figure 2 from differential pressure drop
diagrams, the sets D6 and D7 are based on the onset of the
rapidly increased solid concentration observed at the dilute
suspension collapse. The data from D8 to D10 are obtained
by reading the regime demarcation loci between dilute sus-
pension and fast fluidization. Although somewhat different
determination approaches have been employed by the au-
thors of sets D11 to D12, their definitions imply actually the
same flow physics as those of D1 to D10. The saturation car-

Ž .rying capacity of Bai and Kato 1995 refer to the solid circu-
lation rate at the onset of a little changed cross-sectional av-

Ž .erage voidage differential pressure drop in the measuring
section. This suffers a time lag in comparison with the col-
lapsing point determined at the start of the particle accumu-
lation within the measuring section, but it usually leads to
little deviation for the measurement of the saturation carry-
ing capacity. According to Figure 2, the solid flow rate varies
little between the dilute suspension collapse and the onset of
the constant solid concentration. When gas velocity is gradu-

Ž .ally reduced solid inventory being specified , a maximal dif-
ferential pressure drop has been detected by Drahos et al.ˇ
Ž .1988 above the bottom dense bed and was considered to be
the choking point. It was explained that this maximal differ-
ential pressure just corresponds to the start of the particle
accumulation at the riser bottom. The stepwise changes in
differential pressure drop and its dominant frequency de-

Ž .fined by Satija et al. 1985 essentially denote the hydrody-
namic phenomena of the dilute suspension collapse; accord-
ingly, the choking they defined certainly belongs to the accu-
mulative type.

For reference and for later comparisons with the calcula-
tions from various correlations, all the compiled G� and theirs
corresponding gas velocities U will be summarized in Tableck
A1 of the Appendix. As shown in Table 3 and Table A1, a
total of 158 experimental data points have been obtained and
they have a wide range of measurement conditions with par-
ticles from group A to group B and riser diameters from 30
mm to 200 mm. The data from rather large units are ex-

Žpected, but there are few such reports in the literature to
.our knowledge . While all the data are with respect to differ-

Ž .ent gas velocities, only the present work set D1 considers
the influences of unit diameter upon the saturation carrying
capacity. In theory, the transition of the longitudinal voidage
profiles from uniform to nonuniform can also be utilized to

� Ž .determine G and U Xu et al., 1999b . Such data weres ck
excluded in this article, since most voidage profiles, such as

Ž . Ž .those from Li and Kwauk 1980 , Li et al. 1981 , and Bai et
Ž .al. 1992 , are not detailed enough to precisely read the chok-

ing point.
Figure 5 shows the saturation carrying capacities for parti-

Ž . Ž . Ž .cles FCC-I 5a , silica sand 5b and alumina 5c measured
in this work. In all cases, the solid circulation rate G� in-s

Ž .creases with increasing gas choking velocity U . Neverthe-ck
less, a different variation of G� with D is manifested ins t
Figure 5a in comparison with that in Figures 5b and 5c. With

Ž .increasing the riser column diameter, the saturation carry-
ing capacity increases for FCC-I, but decreases for silica sand
and alumina. This reverse dependence of G� upon D fors t

Žgroups A and B particles was interpreted by Xu et al. 1999b,
.2000 in terms of the different influences for different parti-

Žcles of the riser diameter upon the bed density the bed den-
sity referring to either the solid holdup in the whole riser or

.the solid concentration at a given bed position . As D in-t
creases, the bed density was also found to increase for light

Ž .and small particles FCC-I , but to increase for heavy and
Ž .large particles silica sand . In addition, Figures 5b and 5c

indicate that the difference in G� due to the influence of thes
Žriser diameter appears larger for silica sand group B parti-

.cles . Therefore, not only does the riser diameter have pro-
nounced influence on the saturation carrying capacity, but
the influence is also closely related to the properties of parti-
cles.

Correlation de©elopment
Based on Figure 5, one can postulate that G� should bes

subject to the following formulation

G� U yu Ds ck t tsFun Ar , , , 1Ž .ž /� u u dp t t p

Žwhere Ar is used to rend the material properties of both
.solids and fluid into a unique parameter. Figure 6 shows the

� Ž .dependence of G r � u on the dimensionless gas velocitys p t
Ž .U yu ru , with 6a and 6b for the data of this study and 6cck t t
for a few other literature measurements. While all of the data
manifest a linear relationship between the two parameters
plotted, Figures 6a and 6b further demonstrate that the slope
of the resultant straight line is a constant independent of riser
diameter for a given kind of particles. Thus, we have
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Figure 5. Saturation carrying capacity with respect to
gas velocity for different particles in different
risers.

a�G U yus ck tA , 2Ž .ž /� u up t t

Žwhere the index a is related to the material properties with
.only the solid properties examined here . By determining the

parameter a from Figure 6 for all the compiled data indexed
in Table 3, we finally obtain the correlation of a with the
Archimedes number, Ar, as shown in Figure 7. Although the
data are rather scattered, due to the wide sources of G� ands
U , the factor a generally decreases with increases in Ar. Byck
using a linear relationship to average the correlation in Fig-
ure 7, we can have an equation as follows

Figure 6. Correlation of the saturation carrying capacity
with gas velocity for the measurements both

( ) ( )by this work a and b and in the literature c .

as2.355y0.00191 Ar . 3Ž .

With Eqs. 2 and 3, the influence of the column diameter
D on G� can then be expressed with an intermediate param-t s
eter defined by

ya�G U yus ck t
Fun D s . 4Ž .Ž .t ž /ž /� u up t t

This parameter is plotted in Figure 8 and computed from the
experimental G� for particles FCC-I, alumina and silica sands
measured in this study. In fact, at the moment there are not
any other data available for the production of this relation-

Ž .ship referring to Table 3 . The figure evidently shows that
for given particles, the saturation carrying capacities for dif-
ferent gas velocities but the same column diameter have
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Figure 7. Correlation of parameter a calculated from the
compiled experimental saturation carrying ca-
pacity with the Archimedes number Ar.

Ž . Ž .identical values of Fun D . Moreover, Fun D linearly variest t
with the dimensionless column diameter Drd for everyt p
species of particles, thus leading to

b
Dt

Fun D A , 5Ž .Ž .t ž /dp

where the factor b represents the slope of the correlated line.
Corresponding to Figure 5, b should be positive for FCC-I
but negative for alumina and silica sand. However, the nega-
tive value for alumina is smaller than that for silica sand,
implying that the riser diameter affects G� to a less degrees
in the case of alumina. The side figure in Figure 8 correlates
b with Ar, revealing again a linear relationship, and, there-
fore, we have

bs1.740y0.441 ln Ar . 6Ž .

As a result of Eqs. 2, 4 and 5, Eq. 1 can then be extended
to

a b�G U yu Ds ck t tsK . 7Ž .ž / ž /� u u dp t t p

On the basis of all the compiled experimental data, the pa-
rameter K is finally formulated as

4.093° Ar
0.0158 , ArF50ž /100~Ks 8Ž .3.344Ar
0.00923 , ArG50¢ ž /100

Figure 8. Dependence of the saturation carrying capac-
ity on column diameter for different particles
(the side figure correlating parameter b with

)the Archimedes number Ar .

Thus, the estimation of the saturation carrying capacity G�
s

from a given gas velocity U or of the choking velocity Uck ck
from a prescribed solid flow rate G� can be done using Eqs.s

Ž .7, 3, 6 and 8 for a system having specified facility size Dt
Ž .and material properties Ar .

Accuracy e©aluation
With the intention of not only validating the correlation

developed above, but also sequencing the accuracy of the
correlations available in the literature, Figure 9 compares the
saturation carrying capacities of the complied experimental
data and the values calculated from all the 14 correlations
summarized in Table 1. The data listed in Table A1 of the

ŽAppendix are all used for this comparison 158 points in to-
.tal . Although correlations C5 and C10 were originally pro-

posed for polydisperse particles, they are similarly cited here
by considering that a mean diameter can be used to repre-
sent the sizes of multisized particles. As shown in Figure 9,
the graphical comparison is made in two different scales, with
the main sets in a smaller scale of 0�120 and the side sets in
a full scale of 0�600 that can cover the whole range of the
data. In addition, the correlations C5 and C6, as well as C8
and C9, are plotted in the same figure, since we noted that
both the correlations actually have very similar predictions.

As can be seen in Figure 9, the computed values from C2
and C5 to C9 greatly deviate from the experimental measure-
ments, showing their inapplicability to the prediction of the
accumulating choking and dilute suspension collapse. Among
the remaining correlations, the side figures indicate that C11

Ž . Ž .from Bi and Fan 1991 and C13 from Xu et al. 1999b have
good accuracy in the whole range of G�, while the correla-s
tion C14 developed in this work has the next best accuracy.
However, this is a result misled by the wide plotting range of
the site figure since the main set figure demonstrates that the
calculations from both C11 and C13 are more diversified than
that from C14. As a matter of fact, G� from C11 is usuallys, cal
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Figure 9. Saturation carrying capacity: experiments vs. calculations from various correlations for accumulative
( )choking continued .

somewhat lower than G� in the range of G�s0�120s, exp s
Ž 2 . �kgr m � s . On the other hand, of the compiled G listed ins

Ž .Table A1, only the data of D7 from Bai et al. 1998 are in
Ž 2 .the range of 120�600 kgr m � s , while all the others are less

Ž 2 .than 120 kgr m � s . Therefore, more experimental measure-
ments are needed to acquire a more reliable validation of the
correlation accuracy in the high solid flow rate region of G�

s
Ž 2 .s120�600 kgr m � s . Of the correlations C1, C3, C4, C10

and C12, those showing the greatest deviations are C3 and
C4, while C10 and C12 manifest relatively good accuracy. Al-
though the predictions from C3 and C4 appear around the
experimental data in the main set figure, the corresponding
side figure shows that the calculated solid flow rates are much
larger than the measured ones in many cases. The correlation
C1 usually gives much higher calculated values than experi-

� Ž 2 .mental measurements in G s0�120 kgr m � s .s
A more detailed comparison of experiments and calcula-

tions for correlations C1, C3, C4, and C10 to C14 can be
implemented by analyzing the values of G� and G� listeds, exp s, cal
in Table A1 in the Appendix. A ratio RRsG� rG� iss, cal s, exp
defined to quantitatively show the accuracy of the calcula-
tion. Thus, a highly accurate correlation should have an RR
around 1.0. For all the correlations shown in Table A1, the
RR corresponding to each G� can be calculated from itss, exp
G� . By treating the total 158 values of RR for each correla-s, cal

tion as a data sample, the following parameters can be ob-
tained by statistical analysis

Average: RR s RRr158, Maximum: RR sMax RR ,Ž .Ýav i max i

Minimum: RR sMin RR , is1, . . . , 158. 9Ž .Ž .min i

Noting that both RR and RR could be seriously affectedmax min
by one or two data points that are inaccurately measured, the
low and the upper limits of RR are calculated at a credit of
90%, that is

Low limit: RR s RR , Upper limit: RR s RR ,low Fs5.0% up Fs95.0%

10Ž .

where F denotes the accumulative distribution function with
Fs0 at RRs RR and Fs100% at RRs RR .min max

Shown in Table 4 are the parameters defined above for the
correlations listed in Table A1. In most cases, such as for C1,
C3, C4, C10 and C13, a large difference prevails between
RR and RR , as well as between RR and RR . On themax up min low
other hand, there are only 8 data points between Fs5%
and above Fs95% for the data sample with a total number
of data points of 158. This obviously implies that the use of
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( )Figure 9. Continued Saturation carrying capacity: experiments vs. calculations from various correlations for accu-
mulative choking.

RR and RR , instead of RR and RR , would be moreup low max min
reliable for evaluating the error range of the predictions from
a correlation. An accurate correlation should possess not only
a RR near unity, but also small deviations of RR and RRav up low
from RR . Based on these criteria, Table 4 then shows thatav
the most accurate correlation is C14, and the next most accu-
rate one is C11. The RR equating 0.729 of C11 also meansav
that the computed values from this correlation are usually
smaller than the experimental measurements. Among the
other correlations compared in Table 4, C13 and C10 can
create acceptable predictions in most cases. Nevertheless, mi-

Žnus solid flow rates are probable for C10 RR sy4.007�min
.0 , while much higher predictions than experimental mea-

Ž .surements seem possible for C13 RR s25.160�1.0 . Themax
correlation C12 usually predicts G� with relatively good ac-s

Ž .curacy RR s2.251 , whereas C3 and C4 can be consideredav
Ž .to be very poor for this prediction seeing also Figure 9 .

In conclusion, the five most-accurate correlations of all the
14 correlations compared in Figure 9 and in Table 4 can be
sequenced, on average, as follows

C14GC11GC13GC10GC12 11Ž .

However, C13 and C10 should be carefully used since they
may produce unreasonable results in some rare cases, that is,
either negative solid flow rates or greatly deviated values.

Table 4. Accuracy Identification with Statistical Parameters for Accumulative Choking

Correlation No. C1 C3 C4 C10 C11 C12 C13 C14

Average, RR 6.219 0.966 0.931 1.090 0.729 2.251 1.623 1.056av
Maximum, RR 34.094 6.964 6.934 3.211 1.959 8.734 25.160 2.107max
Minimum, RR 0.593 0.0 0.001 y4.007 0.055 0.474 0.254 0.312min
Upper limit, RR 17.414 2.672 3.040 2.205 1.335 5.720 1.901 1.679up
Low limit, RR 0.761 0.113 0.116 y0.847 0.224 0.629 0.412 0.574low
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Discussion
On the preceding results

It was demonstrated in MECHNISM that the dilute sus-
pension collapse and accumulative choking are dominated by
an identical differential pressure drop, and, essentially, the
same solid concentration, over the measuring section. This
allows the voidage at choking � to be accurately predictedck
and enables the choking to be fundamentally formulated.
Nonetheless, implementation of this objective requires more
work based on more unified experimental methods. With this
recognition, a new correlation, as shown in Eq. 7, was devel-
oped in this work, although it is not directly related to the
observed choking mechanism. In a long period, the empirical
correlation is perhaps the only effective tool available for the
choking prediction.

The newly developed correlation C14 shows the best accu-
racy for predicting G� or the accumulative choking velocitys
U . This notwithstanding, two points regarding this correla-ck
tion are noteworthy: the dependence of G� on the columns

Ž .diameter D factor b and the application range of the corre-t
lation. Because Eq. 6 for the parameter b is merely based on
the measurements obtained in this study, more work is needed
to improve this equation. It is particularly important to ex-
perimentally find a flow system that is little affected by the
column diameter D , namely, a system characterized by bs0.t
The data used for the accuracy validation are in 30FD F200t
mm and Ar �1,000; thus, the correlation is definitely appli-
cable to this range. It might also be extended to units with

Ž . Ž .rather larger �200 mm or smaller �30 mm D , but fur-t
ther validation using experimental data derived from those
rigs would be necessary. Again, Eq. 3 demonstrations that
the values of parameter a become minus when Ar �1,233,
which actually implies that the correlation is applicable only

Ž �to systems with Ar �1,233 based on the concept that Gs
.increases with increasing U . In general, this range shouldg

cover most practical gas-solid systems of particles from group
A to group B. On the other hand, Eq. 3 also implies that the
effect of gas velocity upon the saturation carrying capacity
decreases as Ar increases. It is thus considered that the re-
version of the factor a from positive to negative at a particu-
lar Ar possibly implicates with some peculiar flow physics,
although nothing is known at present.

As mentioned by Eq. 11, correlation C11 was finally con-
cluded as an accurate equation for the accumulative choking,

Ž .consisting with the result of Bi et al. 1993 . However, the
Ž .correlations of Yang 1975, 1983 , that is, C3 and C7, were

shown to have serious deviations in Figure 9, whereas they
have been suggested to be reliable for choking prediction by

Ž . Ž .Briens and Bergougnou 1986 and Bi et al. 1993 . This dif-
ference is thought to be due not only to the limited data em-
ployed by other researchers, but also to the different meth-
ods used for the accuracy evaluation. The average relative

Ž .error deviation , a parameter similar to RR , has been widelyav
utilized as the evaluation criterion by literature comparisons.
Here, it is considered that the use of the statistical data, par-
ticularly RR only, is insufficient for the judgment. In fact,av
Table 4 shows also that the accuracy of C3 and C4 should not

Ž .be very poor since the values of their RR 0.93�0.7 areav
Ž . Ž .near unity, while their RR 2.0�3.0 and RR 0.11�0.12up low

are not much different from 1.0. In addition, the calculation
of the particle terminal velocity u may also affect the accu-t

racy evaluation because most correlations have had u corre-t
Žlated. Here, the drag coefficient equation for a single parti-

. Ž .cle proposed by Xu and Li 1998 was used for the calcula-
tion of u .t

Prediction of classical choking
Even for particles of groups A and B, calculation of the

Ž .classical choking type C choking is also sometimes needed.
Therefore, some well-documented experimental data of clas-
sical choking were compiled to examine the ability of all 14
correlations for predicting this type of choking. The experi-
mental conditions are summarized in Table 3, and the data,
52 points in total, will be listed in Table A2 in the Appendix.
Here, only the data for particles of groups A and B are se-
lected, considering that most solids used in vertical conveying
systems, especially in CFBs, belong to these two groups. In
fact, separate evaluation for each different group of particles

Ž .is necessary, as was done by Chong and Leung 1986 .
The comparison of experiments and calculations is graphi-

cally presented in Figure 10. Considering that all of the data
in Figure 9 have Archimedes numbers Ar less than 1,000,
Figure 10 distinguished the data for Ar �1,000 from those
for Ar �1,000 by using different legends. However, C13 and
C14 were applied only to the case of Ar �1,000, due to the
limitation of their formulations for parameter a. Comparing
to Figure 9, one can see that those correlations that pre-
dicted the accumulative choking with relatively good accu-
racy, such as C10 to C14, exhibit poor accuracy here for the

Ž .classical choking usually underestimating . In contrast, the
other correlations that overestimated the type A choking, such
as C2, C7 to C9, manifest good accuracy in predicting the
type C choking. This consists with the result of theoretical
analysis that, at a given gas velocity, the accumulative chok-

Ž �.ing corresponds to a lower solid flow rate G , or, in turn,s
for a specified solid flow rate, the type C choking occurs at a
lower gas velocity. The result clarifies again that it is impossi-
ble to use one correlation for both type A and type C chok-

Ž .ing, as stressed by Bi et al. 1993 . In addition, Figure 10
clearly demonstrates that most correlations underestimate the
critical solid flow rates Gc for systems with higher Archimedess
numbers, such as, Ar �1,000 in the figure, evidencing the
necessity of distinguishing the experimental data with differ-
ent Ar.

In order to rank the accuracy of the correlations for pre-
dicting the type C choking, the calculated critical solid flow
rates from the best six correlations obtained from Figure 10
are further compared in Table A2 in the Appendix. Their
statistical data, that is, RR , RR , RR , RR , and RR ,av max min up low
are summarized in Table 5. Based on both Figure 10 and
Table 5, it can be seen that the most accurate correlation is

Ž .C2 proposed by Yousfi and Gau 1974 . It has not only a RRav
Ž . Ž .close to 1.0, but also such RR RR and RR RR thatmax up min low

have the smallest deviations from RR . The accuracy of C8 isav
Ž . Ž .also acceptable, but the values of its RR 0.865 , RR RRav max up

Ž .and RR RR greatly deviate from unity. Although C9 hasmin low
Ž .a RR 0.946 that appears closest to 1.0, Figure 9 shows thatav

the correlation fails to unify the predictions for systems with
different Archimedes numbers. The correlation C7 seems to
be good for the case of Ar �1,000, but poorly predicts the
systems of Ar �1,000. Nonetheless, C1 and C7 are definitely
more accurate than C12, and therefore the six correlations
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(Figure 10. Critical solid flow rate: experiments vs. calculations from various correlations for classical choking solid
)marks: Ar �1,000, open marks: Ar �1,000 .
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Table 5. Accuracy Identification with Statistical
Parameters for Classical Choking

Correlation No. C1 C2 C7 C8 C9 C12

Average, RR 1.341 0.905 1.244 0.865 0.946 0.619av
Maximum, RR 8.562 2.121 3.838 4.986 3.195 4.002max
Minimum, RR y1.817 0.424 y0.415 0.172 0.372 0.123min
Upper limit, RR 4.627 1.771 3.283 3.026 1.990 1.885up
Low limit, RR 0.261 0.448 0.006 0.238 0.414 0.147low

have the following accuracy sequence

C2GC8GC9GC7GC1GC12 12Ž .

For particles belonging to groups A and B, the correlation
C2 has also been tested as the most accurate equation by

Ž . Ž .Chong and Leung 1986 and Bi et al. 1993 . Biswas and
Ž .Leung 1987 found that this correlation actually underesti-

mated the regime demarcation gas velocities between fast flu-
idization and lean-phase conveying. With Eqs. 11 and 12, this
result definitely becomes certain because such a transition
denotes the type A choking, and C2 is accurate only for type
C choking that occurs at a lower gas velocity for a given solid
flow rate.

Nonetheless, it is worthwhile to note that the correlation
C2 does not take the column diameter D into account, whilet
the data used for the accuracy test, as shown in Tables 3 and
A1, have a limited range of D in 20�80 mm. Equation C8t

Ž .from Mink 1983 has lower accuracy than C2 does, but it
should still be recommended for its inclusion of D in thet
formulation. At the same time, one may be reminded that C8
has been identified as an inaccurate formulation for choking

Ž .by Briens and Bergougnou 1986 . This must be a result mis-
led by the use of such experimental data without distinguish-
ing particle groups. For type C choking of group D particles
Ž . Ž .monodispersed sizes , Chong and Leung 1986 have shown

Ž .that the correlation C7 from Yang 1983 , other than C2, had
Žthe highest accuracy no estimation being made here for group

.D particles .

Conclusions
Experimental observations identified that the dilute sus-

pension collapse, namely, the accumulative choking defined
Ž .by Bi et al. 1993 , of concurrent vertical conveying systems is

dominated by an identical differential pressure drop over the
measuring section that is usually at the bottom of the convey-
ing column. This critical differential pressure drop is inde-
pendent of the column diameter and gas velocity, but varies

Ž .with the solid properties diameter and density . It was also
shown that the value of this critical differential pressure drop
is seriously affected by the experimental method, such as the
elevation and length of the measuring section.

The solid circulation rate at the dilute suspension collapse
Ž .accumulative choking , that is, the saturation carrying capac-
ity, is closely related to the column diameter and particle
properties. With increase in the column diameter, it in-

Žcreases for lighter and smaller particles group A of Geldart’s
.classification , but decreases for heavier and larger particles

Ž .group B, even A-B . This study showed that the contrary
dependence of the saturation carrying capacity on the col-

umn diameter is bridged by a gradual transition from group
A to group B particles.

Based on experimental observations, a predictive correla-
tion was developed for the saturation carrying capacity. A
total of 158 experimental data points was compiled to vali-
date its accuracy by a comparison with 13 other literature
correlations. It was demonstrated that the newly proposed
correlation is most accurate for the prediction of the accumu-

Ž .lative choking, while that of Bi and Fan 1991 shows also
acceptable accuracy. This result is definitely valid for the sys-
tems with column diameters in 30�200 mm and Archimedes

Ž .numbers less than 1,000 groups A and B particles , while it
might also be extended to facilities with larger diameters.

Using 52 literature data points in total, an additional test
was conducted to evaluate the accuracy of all the 14 correla-
tions for predicting the classical choking of particles belong-
ing to groups A and B. The correlation of Yousfi and Gau
Ž .1974 was found to have the highest accuracy, but the equa-

Ž .tion of Mink 1983 is also recommendable due to its similar
accuracy and the inclusion of column diameter in the formu-
lation. Nevertheless, it should be noted that the experimental
rigs covered by this evaluation had diameters only between
20 and 80 mm.

Some further works relevant to this study were also sug-
gested by a discussion.

Notation
Ž .asfactor parameter

3 Ž .ArsArchimedes number, d � g � y � r�p f p f
Ž .bsfactor intermediate parameter
Ž .cs factor intermediate parameter

d ssurface-to-volume mean diameter, mp
d sdiameter for fractional component F , mp i p i

Ž .D scolumn riser diameter, mt
Fsaccumulative distribution function, %

F saccumulative fraction for d , wt. %p i p i
w x Ž .0.5FrsFroude number - , U r gdg p

gsgravitational acceleration, mrs2

Ž . Ž 2 .G ssolids circulation flow rate, kgrm � ss
� Ž .G s saturation carrying capacity for accumulative choking ,s

Ž 2 .kgrm � s
c Ž 2 .G scritical solid flow rate at classical choking, kgrm � ss

Ž .H selevation of measuring section defined at its middle point ,d
m

Ž .H s total height of conveying column riser , mt
Ksparameter

Ž 2 .� P spressure drop measured over a bed section, kgrm � sd
Ž 2 .� P s� P at dilute suspension collapse, kgrm � sd, ck d

Re sReynolds number, � u d r�t f t p
u s terminal velocity, mrst

U ssuperficial gas velocity at choking, mrsck
U ssuperficial gas velocity, mrsg
Zsaxial location, m

�Zs length of measuring section, m

Greek letters
� sparameter related to chokingo

� s voidage at chokingck
� sapparent voidage at chokingck, app

Ž .�s fluid viscosity, kgrm � s
� sparticle density, kgrm3

p
� s fluid density, kgrm3

f
RRsratio of calculated to experimental values

Subscripts
cksat choking

cals from calculation
exps from experiment
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Appendix
The compiled experimental data, compared with the calcu-

lations from the correlations with relatively higher accuracy,
are summarized in Tables A1 and A2 for accumulative and
classical choking, respectively.

Table A1. Literature Saturation Carrying Capacity vs. Calculations for Accumulative Choking
� 2� w Ž .xG kgrm � sG s, cals, expD USet t ck

2Ž . Ž . w Ž .xNo. Particle mm mrs kgrm � s C1 C3 C4 C10 C11 C12 C13 C14

D1 FCC-I 66 1.30 4.00 56.20 3.68 3.70 7.98 4.49 12.09 4.28 5.87
1.60 7.50 71.27 7.53 7.51 15.18 8.10 17.75 8.01 10.22
1.95 15.10 88.86 14.65 14.66 25.13 14.22 25.60 14.31 17.09
2.40 26.40 111.47 28.99 28.86 40.05 25.68 37.59 25.97 29.00
2.65 32.50 124.03 39.99 39.82 49.27 34.04 45.15 34.38 37.19

97 1.10 2.30 46.15 1.38 1.40 3.95 2.79 8.88 3.30 4.53
1.50 7.00 66.25 4.11 4.11 12.63 6.74 15.76 8.56 10.56
1.85 14.50 83.84 8.35 8.35 22.13 12.24 23.22 15.91 18.29
2.10 21.00 96.40 12.72 12.66 29.85 17.56 29.36 22.97 25.32
2.30 26.60 106.45 17.15 17.15 36.54 22.75 34.74 29.81 31.91

150 1.10 4.25 46.15 0.89 0.86 3.95 2.79 8.88 4.43 5.71
1.30 6.85 56.20 1.62 1.60 7.98 4.49 12.09 7.44 9.05
1.60 13.30 71.27 3.31 3.29 15.18 8.10 17.75 13.92 15.76
1.90 22.50 86.35 5.90 5.87 23.61 13.21 24.40 23.06 24.66

FCC-II 97 1.12 5.00 45.19 1.61 1.64 6.44 3.96 9.05 5.01 5.81
1.43 9.46 59.20 3.64 3.67 13.59 7.94 14.23 10.28 10.95
1.55 13.70 64.62 4.74 4.78 16.75 9.98 16.51 12.97 13.45
1.78 14.90 75.02 7.42 7.33 23.35 14.80 21.33 19.28 19.08
2.20 27.00 94.00 14.63 14.59 37.10 27.04 31.57 35.10 32.38

Alumina 97 1.90 6.50 54.10 3.40 3.43 12.71 4.11 22.74 6.74 7.03
2.10 9.50 62.15 5.19 5.17 17.11 5.46 27.37 9.12 9.42
2.40 12.70 74.23 8.90 8.81 24.41 7.99 35.04 13.45 13.70
2.60 15.80 82.28 12.16 12.05 29.69 10.03 40.63 16.83 17.02
3.12 21.80 103.21 24.16 23.96 44.90 16.85 56.93 27.58 27.42
3.17 22.20 105.22 25.61 25.48 46.46 17.63 58.62 28.76 28.55

Alumina 150 1.25 1.20 27.94 0.29 0.30 1.32 1.25 10.48 1.27 1.42
1.40 1.80 33.98 0.53 0.56 3.52 1.72 12.93 1.96 2.16
1.60 3.13 42.03 1.02 1.02 6.86 2.52 16.55 3.13 3.40
1.90 5.26 54.10 2.20 2.16 12.71 4.11 22.74 5.44 5.80
2.10 7.83 62.15 3.35 3.34 17.11 5.46 27.37 7.37 7.78

Table continued
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( )Table A1. Continued Literature Saturation Carrying Capacity vs. Calculations for Accumulative Choking
� 2� w Ž .xG kgrm � sG s, cals, expD USet t ck

2Ž . Ž . w Ž .xNo. Particle mm mrs kgrm � s C1 C3 C4 C10 C11 C12 C13 C14

D1 Sand 66 1.80 7.30 55.52 1.72 1.74 3.62 2.60 22.68 7.50 5.67
2.50 19.00 103.63 11.85 11.78 19.43 6.63 41.64 18.01 16.63
3.00 27.80 138.00 28.49 28.27 33.70 11.13 58.34 26.80 27.11
3.20 30.60 151.74 38.09 38.04 40.02 13.38 65.74 30.56 31.85
3.50 36.00 172.36 56.22 56.00 50.11 17.26 77.59 36.44 39.55

97 2.45 11.60 100.19 7.25 7.28 18.13 6.26 40.11 11.77 11.31
2.60 13.10 110.50 9.79 9.77 22.10 7.41 44.77 13.48 13.38
3.10 18.30 144.87 22.42 22.25 36.82 12.22 61.99 19.63 21.22
3.35 22.10 162.05 31.55 31.33 44.97 15.24 71.55 22.92 25.67
3.65 26.30 182.67 45.46 45.15 55.42 19.45 83.86 27.04 31.45
3.80 28.70 192.98 53.73 53.49 60.89 21.81 90.34 29.16 34.51
4.10 32.80 213.60 73.18 72.94 72.33 27.07 103.98 33.54 40.99
4.48 38.90 239.72 103.95 103.66 87.70 34.84 122.51 39.31 49.81

150 1.90 3.70 62.39 1.08 1.13 5.55 3.04 25.06 3.95 3.45
2.10 5.00 76.14 2.01 1.97 9.74 4.04 30.16 5.22 4.87
2.30 6.80 89.88 3.35 3.38 14.38 5.23 35.69 6.59 6.48
2.50 8.90 103.63 5.19 5.12 19.43 6.63 41.64 8.03 8.27

D2 HFZ-20 152 1.00 4.90 40.34 0.74 0.75 4.83 3.33 7.36 7.53 7.59
1.34 10.00 55.60 1.95 1.92 12.41 7.65 12.64 17.71 16.13
1.65 17.00 69.52 3.82 3.77 20.90 13.82 18.58 32.11 27.26
2.16 40.00 92.42 8.99 9.03 37.62 29.74 30.58 68.52 53.19

FCC 152 0.94 4.00 28.54 0.48 0.48 4.91 2.96 6.19 6.53 6.11
1.13 7.00 34.83 0.88 0.86 8.63 4.99 8.70 11.12 9.77
1.30 15.00 40.47 1.38 1.39 12.45 7.44 11.28 16.58 13.90

D3 HA54 100 0.99 7.00 22.22 0.71 0.72 8.24 5.38 6.43 10.46 7.51
1.16 10.00 26.17 1.16 1.16 11.90 8.45 8.62 16.20 11.04
1.53 17.00 34.76 2.72 2.71 21.24 18.57 14.38 34.64 21.53

D4 FCC 100 1.30 11.00 30.79 1.62 1.61 12.22 6.79 10.66 7.40 6.88
1.50 14.50 35.81 2.55 2.51 16.87 10.20 13.90 11.07 9.81
1.75 28.00 42.08 4.14 4.11 23.32 15.81 18.48 17.02 14.34

D5 FCC 50 0.80 1.50 21.60 0.73 0.74 1.85 1.40 4.50 0.73 1.06
0.95 2.50 26.24 1.31 1.32 4.12 2.28 6.19 1.22 1.67
1.05 5.00 29.34 1.83 1.82 5.85 3.03 7.45 1.65 2.17
1.10 7.00 30.89 2.14 2.10 6.77 3.46 8.12 1.89 2.45

Sand 50 2.50 30.00 150.72 36.20 36.09 28.53 12.62 43.59 25.58 26.13

D6 Plastic 200 4.22 9.63 123.13 15.77 5.38 9.94 6.56 22.46 10.01 10.81
5.15 19.56 164.48 38.16 13.02 19.75 11.54 32.43 18.98 20.00
5.87 30.33 196.63 65.74 22.56 28.56 16.75 41.32 28.13 29.20
6.39 41.53 219.60 92.01 31.71 35.42 21.27 48.28 35.87 36.89
7.42 67.16 265.53 163.99 56.31 50.48 32.55 63.66 54.44 55.11

Steel 200 3.36 27.91 591.28 67.33 79.54 89.62 54.67 123.68 54.39 58.81
3.75 39.03 679.70 102.72 122.48 116.95 74.47 151.22 74.20 79.15
4.39 72.84 826.22 185.46 221.46 167.05 116.57 202.37 114.60 119.91
4.63 81.06 881.80 225.87 268.21 187.52 135.86 223.55 132.46 137.71

D7 FCC 76 4.70 207.87 222.75 208.26 207.59 140.63 155.87 129.65 172.18 159.60
5.85 410.00 279.71 413.73 412.18 205.45 290.54 194.36 312.13 270.76
6.00 285.00 287.14 447.73 445.80 214.47 312.24 203.68 334.25 287.75
6.10 307.00 292.10 471.44 469.68 220.54 327.27 210.01 349.52 299.40
6.37 460.00 305.47 539.53 537.27 237.22 370.19 227.53 392.87 332.18
6.88 470.00 330.63 684.88 681.91 269.62 460.50 262.23 483.09 399.17
6.52 465.00 312.65 578.68 576.07 246.34 394.67 237.20 417.45 350.59
7.39 600.00 356.00 855.63 851.97 303.56 564.86 299.48 585.92 473.85

D8 FCC 54 0.68 0.95 17.19 0.24 0.22 0.96 1.05 3.30 0.96 1.20
0.96 2.65 25.24 0.75 0.77 5.14 2.79 6.25 2.68 2.96
1.51 9.75 41.07 3.24 3.20 16.93 10.12 14.44 9.81 9.30
2.14 25.64 59.20 9.73 9.67 34.93 27.28 27.53 26.00 21.95
2.56 42.10 71.29 17.00 16.91 49.08 45.42 38.34 42.66 33.95

D9 FCC 100 1.36 5.30 37.00 2.08 2.08 12.79 6.91 11.90 7.96 7.86
1.47 7.80 40.20 2.67 2.66 15.37 8.62 13.74 9.92 9.55
1.87 21.00 51.84 5.74 5.68 25.95 17.10 21.45 19.53 17.35
2.25 36.00 62.90 10.27 10.27 37.55 28.94 30.21 32.67 27.31
2.56 45.50 71.92 15.36 15.33 48.00 41.79 38.35 46.67 37.40
2.74 63.00 77.16 18.98 18.91 54.44 50.70 43.49 56.27 44.10
2.95 79.40 83.27 23.86 23.75 62.27 62.55 49.86 68.91 52.74
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( )Table A1. Continued Literature Saturation Carrying Capacity vs. Calculations for Accumulative Choking
� 2� w Ž .xG kgrm � sG s, cals, expD USet t ck

2Ž . Ž . w Ž .xNo. Particle mm mrs kgrm � s C1 C3 C4 C10 C11 C12 C13 C14

D10 Gel-I 30 2.00 15.00 38.13 10.52 10.51 15.71 4.33 22.67 12.46 11.97
2.22 23.00 43.54 15.74 15.68 20.28 5.82 27.49 16.76 15.88
2.70 40.00 55.34 32.58 32.41 31.44 10.16 39.49 28.63 26.48
3.50 50.00 75.00 81.96 81.57 53.26 21.26 63.83 56.40 50.57
3.95 58.00 86.07 124.42 123.82 67.09 29.99 79.83 76.62 67.75
2.44 34.00 48.95 22.45 22.38 25.20 7.62 32.74 21.77 20.39
2.93 43.60 60.99 43.76 43.63 37.32 12.82 45.94 35.57 32.57
3.16 46.00 66.65 57.27 57.08 43.53 15.90 52.83 43.34 39.34
4.39 60.00 96.88 178.17 177.36 81.58 40.51 97.06 99.73 87.12

Gel-II 30 2.47 52.00 34.27 7.36 7.31 20.33 2.85 32.71 85.90 50.90
3.15 67.00 50.98 25.05 24.95 35.60 5.68 51.29 60.84 63.15
3.89 80.00 69.17 64.02 63.69 55.10 10.36 75.78 46.75 74.45
5.81 94.00 116.37 316.65 315.34 117.07 32.44 159.18 29.91 98.46
2.74 64.50 40.90 12.71 12.65 26.07 3.82 39.63 73.64 56.04
2.90 64.50 44.84 16.87 16.76 29.67 4.49 44.01 68.00 58.91
3.40 71.80 57.13 35.54 35.40 41.88 7.06 59.07 55.14 67.16
3.65 70.00 63.27 48.67 48.45 48.47 8.64 67.36 50.49 70.96
4.42 83.60 82.20 108.81 108.34 70.67 14.90 95.98 40.30 81.70
4.87 83.60 93.26 160.40 159.74 84.85 19.64 114.84 36.16 87.43
5.33 89.00 104.57 228.01 226.96 100.20 25.38 135.71 32.78 92.97
6.28 95.70 127.92 423.34 421.40 134.40 40.48 183.82 27.58 103.58
6.81 100.00 140.95 569.67 567.15 154.83 50.97 213.54 25.38 109.10

Mo-Cat. 30 2.22 33.00 90.01 39.98 39.75 28.83 13.98 31.71 13.60 18.95
1.98 29.00 78.96 26.91 26.73 21.89 10.09 25.66 9.71 14.02
2.43 51.50 99.68 54.40 54.16 35.38 18.07 37.48 17.68 23.97
3.00 65.00 125.92 110.24 109.71 55.22 32.92 55.34 32.24 41.05
3.50 71.00 148.94 183.11 182.18 74.85 51.04 73.60 49.62 60.41
3.98 72.50 171.03 278.16 277.07 95.44 73.57 93.36 70.78 83.03
4.37 72.00 188.99 376.10 374.54 113.34 95.98 110.99 91.45 104.44
4.78 72.00 207.86 501.44 499.25 133.19 123.88 131.01 116.76 129.99

D11 FCC 66 3.00 44.00 141.62 59.61 59.47 63.18 48.44 56.80 48.72 50.66
3.00 53.00 141.62 59.61 59.47 63.18 48.44 56.80 48.72 50.66

FCC 97 1.50 10.70 66.25 4.11 4.11 12.63 6.74 15.76 8.56 10.56
2.00 24.20 91.37 10.91 10.73 26.67 15.28 26.83 19.95 22.35
3.00 57.30 141.62 40.50 40.36 63.18 48.44 56.80 63.14 62.08
3.00 36.30 141.62 40.50 40.36 63.18 48.44 56.80 63.14 62.08
3.00 62.00 141.62 40.50 40.36 63.18 48.44 56.80 63.14 62.08
4.00 75.00 191.87 101.03 100.45 108.66 109.82 96.72 140.18 125.92
4.00 84.00 191.87 101.03 100.45 108.66 109.82 96.72 140.18 125.92

FCC 150 2.00 27.50 91.37 6.93 6.93 26.67 15.28 26.83 26.76 28.14
3.00 53.00 141.62 26.21 25.93 63.18 48.44 56.80 84.68 78.14
3.00 67.20 141.62 26.21 25.93 63.18 48.44 56.80 84.68 78.14

D12 Phos.-I 55 1.06 1.35 26.39 0.15 0.17 y5.41 0.91 8.84 0.58 0.65
1.12 1.52 31.13 0.26 0.26 y4.75 1.07 9.79 0.85 0.93
1.17 2.02 35.07 0.38 0.36 y4.14 1.21 10.61 1.10 1.20
1.27 2.90 42.97 0.71 0.69 y2.80 1.53 12.35 1.73 1.86
1.37 3.58 50.86 1.21 1.21 y1.29 1.90 14.21 2.50 2.67
1.47 4.55 58.76 1.90 1.86 0.38 2.32 16.19 3.42 3.64
1.55 5.55 65.07 2.60 2.56 1.83 2.70 17.86 4.27 4.52

Phos.-II 55 1.47 2.02 5.31 0.00 0.00 y5.84 1.08 15.90 50.82 0.63
1.49 2.40 6.89 0.00 0.00 y5.60 1.12 16.30 51.90 1.15
1.54 3.03 10.84 0.00 0.01 y4.97 1.23 17.33 53.28 2.44
1.58 3.75 13.99 0.01 0.01 y4.44 1.32 18.17 53.94 3.47
1.62 4.60 17.15 0.03 0.03 y3.89 1.42 19.03 54.43 4.50
1.68 5.64 21.89 0.07 0.05 y3.03 1.57 20.36 54.99 6.03

D13 Sand-I 107 2.00 5.01 77.39 2.43 2.45 7.49 3.82 28.13 6.22 5.64
2.20 7.66 92.54 4.21 4.19 12.07 5.01 33.56 8.20 7.77
2.28 8.90 98.22 5.06 5.02 13.90 5.51 35.71 8.98 8.65
2.42 10.05 109.20 7.01 6.98 17.62 6.57 40.03 10.57 10.45
2.80 15.43 137.97 14.35 14.38 28.36 9.95 52.43 15.11 15.84
3.10 31.71 160.69 22.85 22.79 37.80 13.30 63.29 19.05 20.75

FCC 107 1.20 2.18 74.35 2.01 1.96 2.29 3.26 11.41 4.14 6.32
1.24 5.32 77.58 2.29 2.35 3.10 3.58 12.12 4.63 6.97
1.27 7.07 80.00 2.51 2.43 3.73 3.83 12.67 5.01 7.49

October 2001 Vol. 47, No. 10AIChE Journal 2195



Table A2. Literature Critical Solid Flow Rate Compared with Calculations for Classical Choking
� 2� w Ž .xG kgrm � sG s, cals, expD USet t ck

2Ž . Ž . w Ž .xNo. Particle mm mrs kgrm � s C1 C2 C7 C8 C9 C12

D14 Salt 45 1.75 11.19 51.47 10.09 13.67 2.59 11.03 21.29
2.38 40.32 92.43 41.16 78.45 21.41 63.13 37.61
2.93 69.09 128.18 106.48 210.90 88.64 129.44 55.25

GBs 45 3.41 32.53 y59.11 40.41 y13.49 18.73 14.39 72.26
3.96 84.67 y16.83 80.04 y0.81 52.25 54.03 95.29
4.57 145.26 30.06 154.09 0.38 139.08 110.13 124.21
6.16 315.34 152.29 603.28 159.96 1025.37 316.30 215.79

D15 GBs-I 32 1.22 9.91 84.83 11.67 38.02 4.10 31.65 11.86
1.31 19.69 91.75 16.16 48.17 6.68 41.73 13.52
1.68 43.95 120.19 50.37 108.85 36.78 94.36 21.43
1.77 63.07 127.11 63.95 128.89 52.50 109.88 23.60
2.01 92.37 145.56 114.36 194.06 124.31 156.48 29.86
2.10 111.98 152.48 139.71 223.25 166.82 175.90 32.38

GBs-II 32 1.58 9.91 78.83 12.60 29.74 4.10 18.07 18.52
1.71 19.59 88.82 18.08 42.92 7.07 28.80 21.44
1.74 36.50 91.13 19.58 46.42 7.96 31.47 22.14
1.74 46.18 91.13 19.58 46.42 7.96 31.47 22.14
2.13 73.00 121.11 49.35 111.15 31.89 73.05 32.19
2.13 102.05 121.11 49.35 111.15 31.89 73.05 32.19
2.29 129.36 133.41 68.71 149.57 52.33 93.76 36.81
2.44 146.00 144.94 91.83 192.89 80.65 115.11 41.39
2.44 159.66 144.94 91.83 192.89 80.65 115.11 41.39

GBs-II 32 2.32 9.09 15.25 19.28 0.07 7.82 7.88 36.37
2.50 24.06 29.09 27.13 0.88 13.07 19.67 41.76
2.53 58.60 31.40 28.65 1.18 14.18 21.79 42.69
2.71 92.37 45.23 39.22 4.23 22.73 35.45 48.48
2.83 102.05 54.46 47.82 7.91 30.60 45.46 52.53
2.96 130.85 64.45 58.71 13.90 41.63 57.10 57.08

D16 Sand-I 25 2.09 51.05 110.37 36.24 77.99 23.01 48.56 31.29
2.36 102.11 132.60 63.15 137.60 52.87 79.03 39.18
3.51 205.81 227.27 387.70 728.38 753.12 270.78 81.65

Sand-II 25 2.70 91.47 139.30 86.77 160.64 85.17 95.22 49.85
3.20 137.74 180.46 188.66 360.78 268.76 167.01 68.26

Sand-III 25 2.31 27.65 51.37 25.37 6.36 13.55 18.33 36.83
2.87 103.70 97.47 68.44 51.28 60.03 67.33 55.04
3.17 207.40 122.17 107.82 105.99 118.25 100.74 66.15
3.46 358.97 146.04 160.87 188.06 213.97 137.77 77.78

Sand-IV 25 2.79 69.67 58.27 48.66 9.24 36.07 42.31 51.93
3.17 101.31 89.55 87.23 38.17 86.40 78.85 65.77
3.51 203.41 117.54 138.97 93.08 172.74 117.80 79.41

D17 Sand 20 2.70 71.70 95.30 56.47 66.52 58.09 58.80 49.14
2.93 104.70 113.96 82.06 118.28 101.44 83.14 57.16
3.32 157.70 145.27 144.49 258.47 234.44 130.82 71.87
3.99 283.20 200.18 337.81 725.84 799.26 235.10 101.34
4.60 387.20 249.58 646.38 1470.08 1930.63 351.37 131.78

D18 FCC 76 2.41 207.87 109.31 122.60 219.49 95.04 182.05 37.68
3.11 285.00 143.98 393.31 504.90 506.19 342.48 60.39
2.78 320.00 127.64 235.52 350.90 245.99 260.81 49.08
3.16 395.00 146.46 423.05 531.52 559.32 355.79 62.20
2.90 410.00 133.58 285.71 402.49 323.97 289.27 53.07
3.00 460.00 138.54 333.61 449.19 402.90 314.06 56.50
3.23 470.00 149.93 467.62 570.41 640.60 374.84 64.77
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