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Abstract

Particle aggregates play an important role in the performance of circulating fluidized beds (CFBs). This paper presents a study on the
aggregate properties in a high-flux and high-density riser (10 m high and 76.2 mm i.d.), based on the solids concentration measurements
using a fiber optic probe. The gas velocities ranged from 5.5 to 10 m/s and solids circulation rate between 100 and S58&géitivity
analysis was first conducted to establish the optimum settings for determining cluster parameters. Aggregate properties (frequency, time
fraction, existence time, average solids concentration and cluster vertical dimension) were established using transient solids concentration
data, based on the results of the sensitivity analysis. These parameters revealed a strong dependence of the aggregate properties on operati
conditions, local mean solids concentration, radial position and axial elevation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Due to the gas—particle and particle—particle interactions,
clusters form and break quickly and continuously. Under
The gas—solid flow in circulating fluidized beds (CFBs) is dilute conditions (high gas velocitylg, and low solids flux,
often characterized by the existence of dense particle cloudsGs), the solids concentration signals are more uniform but
referred to as particle aggregates or clusters [1,2]. The have high frequency fluctuations associated with the passage
major properties of particle aggregate include appearanceof fast flowing dilute phase. A&s is increased, the signal
frequency, size, velocity, solids fraction and existence time. trace shows prolonged peaks due to the passage of more
These aggregates play a major role in flow development clusters. Near the wall, the solids concentration is high and
length, axial dispersion of solids and gas, radial distribution the local gas velocity is low, hence larger aggregates may
of solids, solids flow direction in the wall region and ero- form and exist for longer time. Even whé&y is kept below
sion and heat transfer at the wall, and thus affect the overall200 kg/n? s with Uy < 6.5 m/s, vigorous refluxing of solids
performance of a CFB riser. Particles form aggregates as a(down flow) along the wall have been observed and attributed
result of flow instability [3], energy minimization [4], and  partly to aggregate formation [8-11].
particle—wake interactions [5]. In low-density risers, aggre-  Few experimental studies on cluster properties have been
gate size and frequency have been found to increase withreported [7,12-15]. Using dual capacitance probes to obtain
decreasing gas velocity [6]. Depending on the size, shapesimultaneous solids concentration signals at two close lo-
and particle population in the particle aggregates, they cations, cluster sizes and velocity have been identified in a
could be referred to as clusters (several dozens of particles) CFB [14]. Visual images of individual particles and swarms
particle strands or streamers (stripe shape and significantlyhave also been analyzed using high-speed imaging [2,16].
bigger than a cluster), and particle sheets and swarms ofterOther methods used include laser sheet imaging techniques
spotted at the wall [2]. All these forms of particle aggregates [15,17], video camera fiber optic probe combination [18,19]
are also collectively referred to as clusters [1,2]. Clusters areand high-speed motion analyzing systems [20]. Another
responsible for high slip velocities and pressure fluctuations approach has been computer aided mathematical modeling

and for the core—annulus flow development [7]. of cluster properties [12,21-26].
However, all the former studies were conducted under
* Corresponding author. Tek:1-519-661-3807; faxi-1-519-850-2441.  10W-flux (and low-density) conditions, witl&s less than
E-mail address: zhu@uwo.ca (J.-X. Zhu). 200kg/nts. In this study, significantly higher solids flux
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conducted only in the 76 mm i.d. riser. The humidity level
Nomenclature of the air was controlled between 70 and 80% to eliminate
fe overall cluster frequency with existence time the electrostatics in the system.
longer than 3ms (Hz) After passing a butterfly valve section the solids entered
fe1 cluster frequency with existence time shorter the riser bottom at the height of 0.17—0.25m. After initial
than 15ms (Hz) gas—solid mixing and rapid acceleration during the first me-
feo cluster frequency with existence time longer ters the solids (and particle aggregates) headed towards the
than or equal to 15 ms (Hz) riser top, where the gas—solid suspensions passed the smooth
fs sampling frequency for solid concentration exit into the three-cyclone separation section for solids col-
signals (Hz) lection, before entering in a bag filter for cleaning. From the
Fe cluster time fraction (%) bottom of the large capacity bag filter fine particles could
F{ first derivative of the cluster time fraction (% be returned back into the downcomer where a device for
Gs solids circulation rate (kg/fs) measuring solids flow rate is located. This device sectioned
Ly characteristic vertical size of clusters (m) the column into two halves using a vertical plate and with
n number of standard deviation above mean two half-butterfly valves fixed at the top and the bottom of
value, used to define critical solids one of the sections. By appropriately flipping over the two
concentration (=) valves from one side to the other, solids circulated through
Ns total number of solids concentration samples the system can be accumulated in one side of the measuring
in a particular cluster (<) section for a given time period to provide the solids circu-
Ug superficial gas velocity (m/s) lation rate. More details of this setup can also be found in
Z axial distance above distributor (m) literature [28].
Solid concentration measurements were conducted with
Greek symbols a reflective-type fiber optic concentration probe. The active
Emf mean voidage at minimum fluidization area in the probe tip was approximately 2 nxr@ mm, con-
conditions (=) sisting of approximately 8000 emitting and receiving quartz
s local mean solids concentration (-) fibers, each having a diameter of 1B. More details of
Esc cluster average solids concentration (-) this probe including its calibration procedure can be found
Escr threshold solids concentration (=) in literature [29]. Measurements were taken on eight axial
T mean existence time of clusters at a local levels Z = 0.98, 1.53, 2.73, 3.96, 5.13, 6.34, 8.74 and
position (ms) 9.42m) and at 11 radial positions/® = 0.00, 0.16, 0.38,
Temin  MiNimum existence time of clusters based on 0.50, 0.59, 0.67, 0.74, 0.81, 0.87, 0.92 and 0.98). The sam-
Ns (ms) pling time is 60s at a frequency of 970Hz or a sampling
interval of 0.00103s.

To estimate the cluster length, a five-fiber optic bundle

(300-550 kg/ms) was studied with gas velocity between velocity probe was used to measure the particle velocities.
5.5 and 10 m/s. Lower flux operating conditions (8.0m/s, The five-fiber optic bundle consists of two light emitting
100 kg/n? s) were also studied for comparison. This work fibers (B and D) and three light detecting fibers (A, C and
also takes a wider approach to study the aggregate properE) arranged precisely in the same line. A particle flowing
ties showing the frequency, existence time, clustering time Py the center point between any two neighboring fibers will
fraction and solids fraction in clusters on several axial/radial Produce a reflective signal to a detection fiber. By counting
positions. In addition, sensitivity analysis is introduced in the time difference between the two signals from A-B and
identifying the clusters from solid concentration signals. B—C (or C-D and D-E), the velocity of a particle passing
The information obtained from this study could be bene- along the array of the five fibers can be determined. Details
ficial especially for industrial catalytic applications (such ©f the five-fiber optic bundle probe have been previously

as FCC) operated under higher solid fluxes from 400 to Presented [30]. The particle velocity was measured at the
1200 kg/nt s [27]. same locations as those for the solid concentration mea-

surements, with a sampling time typically over 30 s and the
amount of sampled particles over 2500.
2. Experimental setup

The particle aggregates were studied in a CFB system3. Cluster identification
that consists of two 10 m long risers. Both risers (0.076 and
0.203m i.d.) utilize the same downcomer (0.320m i.d.).  Cluster information in CFB risers and downers can be
The solids circulating in the system were FCC catalyst obtained from local instantaneous solid concentration sig-
with a mean diameter of G/m and a particle density of nals[12-14]. Based on the traces of the solid concentrations,
1500 kg/n¥. For the current work the measurements were the following technical and analytical criteria were sug-



SV. Manyele et al./Chemical Engineering Journal 88 (2002) 151-161 153

gested to identify clusters [13]: (1) the solids concentration
inside the cluster must be significantly higher than the local * Ug=8.0 m/s

time—mean solids concentration; (2) the perturbation caused 24 1 Gs = 300 kg/m?s
by a cluster must exist for significantly longer time than

the sampling time interval; (3) this perturbation must also fi: 96;(5)4Hn;
be sensed by a sampling volume which has a characteristic 20

length scale greater than one to two orders of particle diam- &=0.0358
eter. In accordance to the first criterion, one needs to set an

appropriate threshold or critical solids concentratiogy, 16 T Ns=3
above which a cluster is considered to be present. This crit- S /R=0

ical concentration may be expressechésnes the standard ® /R=0.158
deviation of the sampled signal over the local time—mean 12 1 O /R = 0.382

solids concentration. Based on their data, Soong et al. [13]
suggested: = 3.0 while Tuzla et al. [31] used = 2.0.
However, the basis for their choice nfwas not explained.
For the second criterion, the minimum time interval for the
perturbation to be considered as a cluster may be expressed
in terms of the number of consecutive samples above the
critical solids concentration)s. Again, this has not been
elucidated in the literature. Because the sensitive probe tip
(2mm x 2mm) is 30 times the average particle diameter, _
the third criterion is satisfied. 0 0 ] 2 ; ” ‘
The cluster properties investigated in this study include:
(1) the cluster time fractiorf¢, defined as the ratio of the (@ Number of ¢ above the mean value, n (-)
sum of the cluster existence times to the total sampling time;
(2) the cluster frequenci, defined as the number of clusters 20
detected per unit time; (3) the mean cluster existence time,
7¢, defined as the average time interval between the initial
and final detection of the clusters; (4) the mean solids con-
centration in clustergsc, determined by averaging all sam- 0
pled solids concentration values in each cluster, followed by -/
averaging for all clusters detected; (5) the average number _
L . Ug=8.0m/s
of clusters detected at a local position, determined from the 2
cluster frequency and the total sampling time. However, all -20 1 Gs =300 kg/m®s
above parameters are dependent on the proper identification Z=6.34m
of each cluster from the time series of the solids concen- fs_= 970 Hz
tration data, which in turn is related to the values of both &=0.0358
andNs. - -40 1 Ns=3
To identify the optimal values for both andNsg, a sen-
sitivity analysis is first introduced to elucidate their effects ¢ R=0
on the cluster properties. Considering the cluster time frac- O r/R=0.158
tion, F¢, as a sample parameter for the sensitivity analysis, -60 1 A /R=0.382
an increase/decrease fwvould raise/lower the set critical
solids concentratioescr = sc+ 1o (7)) and therefore de- S
creasel/increase the resulting total cluster time fractian,
over the time series studied. With lowefand therefores) -80
values, some of the solids concentration signals represent- 0 1.0 2.0 3.0
ing particles in the dispersed particulate phase (outside the (b) Number of ¢ above the mean value, n (-)
clusters) will be counted as those representing clusters, and o , _ _
vice versa. However, since there are more particles in the 79 1. (&) Variation of the cluster time frac“‘:;c (%), with n for
dispersed particulate phase than in the clusters, there tend%?le_ctgd conditions alg = 8.0 mfs, Gs = 300kg/nt s, Z = 6.34m and
s = 3. (b) Variation of the first derivative of the cluster time fractié,
to be a sharp decreasekef when the setsr value (and the (%), with n for selected conditions a/q = 8.0 m/s, Gs = 300kg/n? s,
correspondingn value) is increased beyond the value that Z =6.34m andnNs = 3.
demarcate the particulate phase and the clusters. In other
words, there should be a sharp dropFefwith increasing
n. The variations of¢; with n for some selected data series

Cluster time fraction, Fc (%)

g R°

@/\
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Table 1
Literature data on the values aofused in establishing cluster properties from solids concentration signal
Author(s)
Soong et al. [13] Tuzla et al. [31] This work
n 3.0 2.0 1.0-14
Ns Not given Not given 3
Fe (%) 5-20 4-10 2-30
Measurement technique Needle capacitance probe Needle capacitance probe Reflective fiber optic probe
Sampling frequency (Hz) 5000 5000 970
Operating conditions Ug =5.0m/s,Gs = 45kgin? s Uq = 5-6mis,Gs = 89kg/n? s Ug = 5.5-10m/s,Gs = 100-550 kg/ms

under high-flux conditions are plotted in Fig. 1(a) and the elevation increases. The effect of operating conditions in the
corresponding first derivativegy, are plotted in Fig. 1(b).  core region is only appreciable at the bottom, while in the
As shown there is a sharp changerat 1. Similar analysis ~ wall region the difference in operating conditions is more
on the change of ¢ versusNs gives Ns = 3 as its optimal pronounced.
value.

It is worth noting that both optimat andNs values may 4.2. Cluster time fraction
vary with the operating conditions. For example, optimal
n value was determined to be around 1.4 under low-flux
(Gs = 100 kg/nt s). Therefore, differem values should be
used for different conditions. In addition, it should also be

Fig. 3 shows the radial profiles &% for different operat-
ing conditions at several axial elevatiofg.values are lower

! in the core than in the annular region, suggesting a severe

understood that the cluster properties such as valu€s of : . o

thus obtained with the abovg mZthod may not reflecﬁ.oo% particle aggregation in the annulus. This is understandable
y given the high solids concentration near the wall. The plot

ﬁizu(;?ﬁg ctjg(ta;r;ri(\:/il;?:gor;te:htﬁzz pHag%vrgsteerrse\%\;e; ftgremr:}'.shows also that glusters exist for less than 10% of the time

tion about their relative values are.still of gréat interest in in the cen.tral region, but over 15-20% on average near the
) . ! S wall. Previously, it has been reported that clusters appear at

studying the particle aggregation behavior inside the CFB

risers, especially those under high-flux operating conditions

in comparison with low-flux operating conditions, since no 05 S O A O X
such data is currently available. On the other hand as shown 04 1 80 100
in Table 1, the results obtained in this study are comparable 03 1+ Ug(mls)z 55 80100 8.0 8.0
with those reported in the literature [13,14]. 0.2 | CGe(kg/m?s) 300 300 300 400 550
In this study, the mean cluster existence time has also 041 +Z=874m %
been combined with average local particle velocity to es- ~ 00 B BN BN BE
timate the average vertical cluster dimensions at different g 04+
locations in the riser. Moreover, where the solids concen- < é
SR - - : : S 037
tration is high, we limit the critical solids concentration to = X3
40% to avoid exceeding the minimum fluidization solids £ 0271 5 _ca
) 5 014 .34 m "
concentration (58%). o T L ok K@
g 0.0 & o B R AN PR
[&]
o 2 041 égéé
4. Results and discussion S 031 y_o7am » él:l A
. S ) e 02+ Q o A
4.1. Solids distribution in the riser o} 1 A
ool & B B KA
The radial and axial distributions of solids in the risers | ES@?
: : : . 0.4 X
have been widely studied and reported in the literature, espe- 03 1 X O%E@
cially for the low-flux risers. For high-flux risers, such stud- 0'2 l z=152m X O<E|>A
ies are still few. Fig. 2 shows the radial profiles of the local 0'1 | X% @A
mean solids concentration in our riser at four axial eleva- 0'0 . é % g _
tions and five high-flux operating conditions [28]. The pro- 00 02 04 06 08 10

files are similar to those found in low-flux risers, with high
solids concentration near the wall and dilute core region, but
with larger wall region. The bottom section is denser than Frig. 2. Radial profiles of the time-averaged solids concentration at five
the top section and the radial profiles flatten as the axial different operating conditions and several axial elevations.

Reduced radial position, /R (-)
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Fig. 3. Radial profiles of cluster time fraction for five different operating conditions and several axial elevations.

a maximum of 10% of time in risers, which however have the particles inside clusters would be more packed (see also
been operated with low solids fluxes (and thus at fairly dilute Fig. 12 and the related discussion) under a lggko that the
conditions) [13,31]. This is in good agreement with our re- cluster time fraction would be smallerdg is kept the same.
sult in the more dilute riser center where clusters appearedSimilarly, the cluster time fraction under low-flux conditions
typically for less than 10% of the time. Their results are also are comparably much higher, since the solids concentration
in good agreement with our data obtained under low-flux inside the clusters are much lower (see also Fig. 12 and the
conditions Gs = 100 kg/n? s) as shown by the solid curves related discussion). For all high-flux conditions, if neglecting

in Fig. 3 for Uy = 8.0 m/s with all corresponding. values the small variations due to the change wa) there appears
clearly less than 15%. In the core region, the valuesof

are comparable for low- and high-flux conditions. In the
wall region however a major difference exists with high-flux 30
condition leading to highef. values compared to low-flux Us(m/s) Gs(kg/m®s) Z=6.34m
conditions. Moreover for low-flux conditions, the radial 55 300
profiles of F¢ at the top of the riser are nearly flat while 55 200
those at the bottom shows highg values near the wall 8.0 300 '
similar to high-flux conditions. AUy = 8.0 m/s andGs = 10.0 300 X |
100 kg/nt s, maximum values of reached up to 15% in 80 400
the wall region of the bottom section, but only around 8% in ;

80 550 o

O

the top section. ;
8.0 100 o8/

X

20

enox P> oed

For all axial elevationd;¢ increases towards the wall, but
with different trend for different operating conditions. In-
creasingss makes such increaselef towards the wall more
dramatic and increasirigg makes such increase more grad-
ual. These are inconsistent with the trend shown in Fig. 2,
giving clear evidence thd. depends on the local mean
solids concentration. To further examine this dependdfgcy,
values obtained in the developed flow secti@n=£ 6.34 m)
are plotted versus the mean solids concentration for differ-
ent local positions in Fig. 4. As shown, the cluster time
fraction increases with increasing solids concentratign, 0
for all operating conditions and axial elevations. Under the 0.0
samees, the gas velocity seems not to influence the cluster . L=
. . . . . . . Mean solids concentation, es ( -)
time fraction but an increased solids circulation rate slightly
decreases the cluster time fraction. While the latter appearsrig. 4. variation of local cluster time fraction with local mean solids
to be against the intuition, it is actually reasonable since concentration at different operating conditions and axial elevations.

10

Cluster time fraction, F: (%)

4443

+++

0.01 0.1 1.0
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to be a good correlation between the cluster time frac-
tion and the mean solids concentration. For low-flux (more
dilute) conditions, the span of the cluster time fraction is
narrower showing that there are fewer clusters.

4.3. Cluster frequency

Because of the uneven distribution of solids in the
high-flux riser, the cluster frequency also varies with both
the location and the local mean solids concentration. The
major factors affecting the cluster frequency are the cluster
size and the local mean solids concentration, which changes
with the operating conditions, the axial elevation from the
distributor and the radial distance from the riser center. When
large clusters are formed the cluster frequency decreases.
The effect of local mean solids concentration is more com-
plex, since a higher solids concentration, on the one hand,
increases the tendency of forming more clusters; but on the
other hand higher solids concentration also increases the
cluster size, while reducing the number of clusters.

The radial profiles of the cluster frequenéy, are shown
in Fig. 5 for different operating conditions. The cluster fre-
guency is seen to increase along the radial direction, forms
a peak at one point and then decreases towards the wall. The
cluster frequency is low in the core region because fewer
clusters are present given its dilute conditions. The decrease
of the cluster frequency near the wall can be attributed to the
increased size of clusters due to the increased solids concen-
tration. The peak appears to coincide with the core—annulus
interface, resulting from strong gas—solid interactions, so
that aggregates form and break more frequently compared

SV. Manyele et al./Chemical Engineering Journal 88 (2002) 151-161
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to the either the core or the annular regions. Such peaksFig. 5. Radial profiles of cluster frequency for different operating condi-
are higher in the bottom region of the riser, indicating more tions and axial elevations.

gas—solid interaction there. On the other hand, in both the

core and annular regions, cluster frequency increases withFig. 6 re-plots those frequency values against the local mean
axial elevation, due to the reduced cluster size with decreas-solids concentration, showing the relationship for the whole
ing solids concentration associated with solids acceleration.cross-section0 < r/R < 1.0) and for the core region
The effects of the gas velocity and solids circulation rate only (0 < r/R < 0.8). Over the whole riser cross-section,
on the cluster frequency are more complex (see Fig. 5). the cluster frequency increases towards a maximum before

G.(kg/m?s) 300 400 550 Z=6.34m
o 0] A

- 12
T Us= 8.0 m/s . Us = 8.0mis d
= A (o)
‘0; 10 - A]’ u“ Q
e ;7 < o
S 8 A g)
8 400 A
- | J \O A‘"-
2 871 ogcrreto Y. 0<r/R<08 f‘ﬁﬁ
= -
O 4 ' ’_h@‘ VY A

0.001 0.01 0.1 0.001 0.01 0.1

Local mean solids concentation, &s (-)

Fig. 6. Variation of local cluster frequency with the local mean solids concentration at different operating conditions in the fully developed secti

(Z =6.34m).
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decreasing again with further increase in the solids concen-
tration. Increasing overall solids circulation ra@, moves

the peak to a higher solids concentration value. In the core
region, the cluster frequency increases with solids concen-
tration without a peak, under all solids circulation rates, but
a lower cluster frequency appears for high solids circulation
rates due to increased solids concentration inside the clus-
ters. Comparing the two plots, it can be seen that the decrease
in the cluster frequency at higher solids concentration (after
the peak) corresponds to the dense conditions near the wall.
This can be attributed to the formation of large clusters near
the wall and therefore few clusters in the annular region.

To further analyze the cluster frequency, clusters are
classified into two groups by their existence times with
a demarcation at; = 15ms, which corresponds to the
maximum value of cluster existence time in the core region
for all operating conditions and axial elevations. Using this
classification, the frequendi; (for 7. < 15ms) andfc
(for 7. > 15ms) are shown in Fig. 7, along with the overall
frequency,fe, for Ug = 8.0m/s andGs = 550 kg/nts.
Such analysis shows the relative distribution (frequency) of
the larger clusters in the annular region and has not been
reported in any previous literature. The results show that
the number of larger clusters (with existence time longer
than 15 ms) is comparable to the number of smaller clusters
(with existence time shorter than 15ms). With increasing
axial elevationfc, decreases showing that the range of exis-
tence time narrows with axial elevation. Similarly, the over-
all frequency,f;, also decreases with axial elevation. This
information is very useful for the understanding of the CFB

Cluster frequency, fe (Hz)

Ug=8.0m/s Gs = 550 kg/m’s
O fo1: t<15ms
20 1 O fe2: Zo>15ms
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15 ¢
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systems. For example, it provides important information for rig. 7. Radial profiles of cluster frequencie:, fo, and f, at
the estimation of heat and mass transfer coefficients [9]. U4 =8.0m/s andGs = 550kg/n?s.

100
Ug=8.0m/s

2 Gs (kg/m?s) E
~— ’
8 A 300 ﬁ
£ o 400 g 2 X
8 10 o 550 .-W"’g 3
8 .-a" 8 ©
3 o
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3 Ns=3 = .
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C
3 Z=152-874m
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Fig. 8. Radial profiles of mean cluster existence timé/gt= 8.0 m/s and different solids circulation rates (data from all axial elevations).



158 SV. Manyele et al./Chemical Engineering Journal 88 (2002) 151-161

4.4. Cluster existence time
7R >0.7 < o A o X
As has been shown above, cluster existence time is an Ug (m/s) 55 8.0 100 8.0 8.0
important property of clusters. In this study, the existence Gs (kg/m?) 300 300 300 400 550
times for the clusters were sorted from the solids concen- 50
tration signals to form a new time series, which were then
further analyzed using statistics and probability for the local
existence time distribution (LETD). Fig. 8 shows the radial
profiles of the mean cluster existence tinag,under differ-
ent operating conditions and over several axial elevations.
It shows that all profiles are flat and consistent with each
other inside the core region. In the annular region, on the
other hand, a much wider range of cluster existence time
exists indicating the variation of the cluster properties with
the operating conditions and axial elevation. Such a wide
variation ofz; near the wall has been also reported by others
[13].

The variation of existence time with the local mean solids
concentration at different operating conditions and several
axial elevations in the annular regidgr/ R > 0.7) was fur-
ther studied at high-flux conditions, as shown in Fig. 9. The
cluster existence time is seen to depend strongly on the av-
erage local solids concentration, increasing with increasing
solids concentration for all operating conditions and axial
elevations. In addition, two distinct sections are shown in 0 . :
this plot, where the relationship between the mean cluster 0.0 0.1 0.2 03 0.4
existence time and the mean solids concentration in the top
section of the riser4 > 6.0m) is quite different from that

TOP:Z>6.0m

Mean cluster existence time, 7c (ms)

Mean solids concentration, €s (-)

in the bottom section of the riseZ(< 3.0 m). Fig. 9. Variation of mean cluster existence time with local mean solids
The variation in the local existence time for different op- concentration in the annular regian/R > 0.70) at different operating
erating conditions was also studied using the LETDY, at conditions for the bottom dense section and the top dilute section of the

6.34 m. Fig. 10 shows the strong dependency of the LETD "s€"

on the radial distance from the center and on the operating

conditions. While all plots show a single peak near the low- the developed flow sectiorZ(= 6.34m). The profiles are
est existence time, the span of existence times in the corefiat in the core and increases towards the wall, similar to the
region is shorter compared to the wall region, due to the time-averaged solids concentration. Comparing with Fig. 2,
high gas velocity and lower solids concentration. This again it js clear that higheEs leads to higheEsc and vice versa.
indicates strong gas-solid interactions and more solids ac-Therefore, higheiGs also leads to highefsc as observed

tivities in the annular region. already forés. The low-flux condition Uy = 8.0m/s and
Gs = 100kg/nts) leads to correspondingly lower solids
4.5. Solids concentration inside clusters concentration inside the clusters. A strong similarity be-

tween the radial profiles of local mean solids concentration
Fig. 11 shows the radial profiles of the average solids con- and the average solids concentration in clusters has been re-
centration inside clusters at different operating conditions in ported in literature [19]. Table 2 shows that our results fall

Table 2
Literature data on the average solids concentration in clusters
References Esc Operating conditions Solids properties
Li et al. [4] 0.5 E1—emf) - dp = 54pm, pp = 930 kg/n?
Bi et al. [2] 0.05-0.30 for streamers and - FCC catalyst
strands;gsc = 1 — ems for clusters
Horio et al. [17] 0.3-0.2 Ug=117m/s,Gs =117 kg/n?s FCC catalyst
Marzochella et al. [20] 0.5=1—¢ems) FCC catalyst

Yerushalmi et al. [32] 0.3-0.2 Ug = 2.2-55m/s,Gs = 24-195 kg/mM's dp =40 and 55um;
pp = 1666 and 1073kg/fh
Rhodes et al. [33] 0.47 Ug=3.0m/s,Gs =50 kg/nts FCC catalyst
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Fig. 10. Radial profiles of LETD of clusters at different operating conditions.
nicely in the range of the literature data for average solids
concentration inside clusters, which range from as low as
72634m 0.05 for very dilute conditions [2] to as high as 0.50 for
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denser conditions [20].
4.6. Estimation of the vertical cluster size

Using the upward local mean particle velocity and the
local mean existence time of the clusters, the characteristic
vertical size of clustersl.,, was estimated. Such vertical
sizes obtained undeGs = 300kg/nts and variousUg
are plotted versus the mean cluster solids concentration in
Fig. 12. It is interesting to note that the vertical length
can reach nearly 100 mm, which is about 1500 times of
the 67um average patrticle size. The characteristic length
decreases with increasing solids concentration inside the
clusters for all operating conditions. At the top of the riser,
the characteristic size depends only on the cluster solids
concentration and does not change with gas velocity. At
Z = 2.73m, the characteristic length is comparably low,
despite the dense conditions, probably due to intensive re-
fluxing of solids at this level. The effect of gas velocity is
not clear. Streamer lengths of 5-50 mm (depending on gas

Fig. 11. Radial profiles of the mean solids concentration inside cluster at VElOCity) and cluster sizes between 5 and 30 mm have been
different operating conditions and = 6.34 m.

observed in risers [2,17].
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Table 3

Summary of results for cluster properties between core and annulus

Cluster properties Core

Time-averaged solids Flat profiles without distinction between operating
concentrationgg conditions; lower solids concentration

Cluster time fraction Lower; relatively flat profiles at higher elevations;

depends on operating conditions

Increases fast near the wall depending on axial elevation; clear
effect of operating conditions at higher elevations

Higher; depends strongly on axial elevation and operating
conditions; very sharp increase towards the wall for higher

Cluster frequency Increases witfR; depends on operating conditions Decreases towards the wall; depends on operating conditions

and axial elevation
Local mean cluster Shorter existence times; depends on operating

and axial elevation
Longer existence times; increases fast towards the wall;

existence time conditions and axial elevation; relatively flat profiles  strongly depends on operating conditions

Table 3 summarizes the radial profiles of cluster properties 2.
from this study. It can be seen that the cluster properties
depend strongly on the radial position.

5. Conclusion 3

Using the measurements of transient solids concentration
obtained via a fiber optic probe, the cluster properties were
studied in a riser operated at high-flux conditions. A sen-
sitivity analysis shows that the cluster properties depends
strongly on the set parameters&indNs, and determines the
optimum values of these two parameters. A wide range of
cluster properties, time fraction, frequency, existence time,
average solids concentration and vertical size have bee
studied. Using the average local existence time and the ™
average particle velocity, the vertical sizes of clusters were
also estimated. The following conclusions can be made
from this work:

1. These cluster properties depend strongly on the local

The cluster time fraction range between 0 and 15% in
the core and from 15 to 30% near the wall for high-flux
operating conditions, while low-flux conditions show
comparable results in the core but lower values near
the wall.

Highest cluster frequency exists at the interface between
the core and the annulus. The frequency is lower in the
core compared to the region near the wall. The frequency
of clusters with existence times longer than 15ms is
nearly zero in the core.

4. Near the wall, the average existence time of clusters

varies from 3 to 50 ms; while in the center, only between
3 and 15ms. Existence time of clusters increases faster
near the wall where clusters exist up to 50 ms on average.
The vertical sizes of the clusters range up to 1500 times
of the particle diameter under high-flux conditions.
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