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The novel parallel three-fiber optical probe described in Part I of this article is applied
to determine simultaneously local instantaneous solids volume concentration, velocity,
and flux in multiphase suspensions. Radial distributions of local particle concentration,
velocity, and flux and their fluctuations in a high-density circulating fluidized bed
(HDCFB) are presented. A strong correlation exists between fluctuations of local parti-
cle velocity and particle concentration. The optical probe is shown to provide a means
of evaluating alternative measurement techniques that have commonly been employed

in earlier studies.

Introduction

Due to the limitations of experimental equipment and
techniques, very few studies have been conducted on the ra-
dial distribution of particle velocities in high-density circulat-
ing fluidized beds with solids circulation fluxes beyond ~200
kg/m?-s. Part T of this article (Liu et al.) describes a newly
developed optical-fiber probe capable of providing simulta-
neous measurements of particle concentration, particle veloc-
ity, and solids flux in flowing fluid—solid suspensions covering
a wide range of conditions. In this article we present experi-
mental results showing instantaneous local voidage, particle
velocity, and solids flux, determined simultaneously in a
high-density circulating fluidized-bed (CFB) riser.

Experimental Details

The multifunctional optical-fiber probe presented in detail
in Part I was inserted into a high-density CFB riser of diame-
ter 76 mm and total height 6.4 m at different levels from the
bottom J-valve to the exit. FCC particles of mean diameter
70 wm and density 1,600 kg/m> were used. The high-density
CFB riser unit is shown in Figure 1.

At each level, measurements were performed at different
radial positions from the near wall to the opposite wall. Ap-
parent solids holdups were also obtained using differential-
and absolute-pressure transducers to compare with average
cross-sectional values estimated by integrating local solids
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holdups measured by the optical probe at different radial po-
sitions.

Criteria to judge whether or not the cross-correlated veloc-
ity data are valid (see Part I) were applied in each case. This
eliminated some data points. Almost 100% of the cross-cor-
related velocities were accepted in the central region (|r/R| <
0.8), while up to 40% of the data were eliminated near the
wall (r/R = 0.95). The average cross-correlation coefficients
were much higher in the central region than near the wall,
probably due to more particles traveling nonvertically and to
particles reversing directions in the wall region. Figure 2
shows the accepted cross-correlation coefficients for a typical
operating condition. At r/R = 0.5, the average cross-correla-
tion coefficient was about 0.98, while it was only 0.87 near
the wall (r/R = 0.9) for all accepted data points.

Figure 3 plots typical traces of instantaneous local solids
holdup (1—€), local particle velocity (v,), and local solids
flux (G(¢)), obtained by the optical-fiber probe vs. time. Each
velocity point was obtained off-line by cross-correlating 4,096
binary voltage data from the two channels (channels 1 and 2)
over an integration period of T (see Part I). The correspond-
ing solids volume fraction was obtained by averaging over the
same duration, T, the time for each channel to load 4,096
binary data, ~14.6 ms at a sampling frequency of ~280 kHz,
except in the wall region (r/R > 0.95), where T = 40 ms for a
sampling frequency of 180 kHz. The fluctuations reflect rapid
changes in suspension density, particle velocity, and local flux.
Averaging such data over the overall measurement duration
(20 to 40 s) gives time—mean local values of local solids
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Figure 1. High-density CFB unit.

1. First riser; 2. impingement separator; 3. storage tank; 4.
second riser; 5. downcomer; 6. baghouse; 7. pinch valve; 8.
cyclone; 9. butterfly valve; 10. orifice meter; 11. rotameter;
12. Root’s blower; 13. J-valve; 14. venturi section; P —ab-
solute pressure transducer port; A P—manometer.

holdup, particle velocity, and solids flux, that is
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The instantaneous velocity and concentration can also be
written as

l—e=(1-€)—€ or c=c+c )
Up=u_p+1);,, o)

where the primes denote fluctuating components. Consider-
ing the relationship between the three instantaneous parame-
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Figure 2. Cross-correlation coefficients for U, = 4.0
m/s, Gg,, = 325 kg/m?-s, and z = 4.2 m

ters
Gs=pp(1—e)up=pp(6+c’)(g+ UI’,) (6)

Combining Eqgs. 3-6, and averaging leads to

Gy= p,(cv,+c'1)). (7

The final term of this equation indicates that the covariance
of particle velocity and concentration can play an important
role, as discussed in the next section.

Cross-sectional mean values are obtained by integrating the
local time—mean variables over the column cross-sectional
area, that is

cm=1—em=/012(l—é)godgo (8)
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Figure 3. Local instantaneous (a) solids holdup, (b)
particle velocity, and (c) solids flux vs. time.

1/R=0.74, z= 42 m, Ug =9 m/s, G, =485 kg/mz-s, and
the same 25 s time interval.

Time (s)

Gy = [ 2o dg, )
0

where ¢ =r/R.

Typical radial profiles of the local time—mean vertical com-
ponent of particle velocity, solids holdup, and solids flux based
on Egs. 1-3 at z =4.2 m for high-density operation (U, = 4.0
m/s, G, = 325 kg/m>-s) appear in Figure 4. For this particu-
lar operating condition, the radial particle velocity profile is
bell-shaped, with a maximum at the axis and decreasing to-
ward the wall. The corresponding solids holdup profile is
bathtub shaped, remaining relatively flat over a considerable
radial distance before increasing sharply near the wall, form-
ing a dilute central core and a dense wall region, as reported
by Issangya et al. (2000). The corresponding solids flux pro-
file is again relatively uniform in the central region, then de-
creases quickly toward the riser walls.

Ideally, the radial profiles should be axisymmetric, espe-
cially well above the distributor (z = 4.2 m) and well (2.1 m)
below the riser exit. Figure 4 indicates an approximately sym-
metric profile of the particle velocity. However, the measured
solids concentrations on the left side are appreciably higher
than on the right side, resulting in higher solids fluxes on the
left. Because the probe on the left side of the riser is less
intrusive, and therefore likely to be more accurate than on
the right, the results on the lefthand side have been used to
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obtain cross-sectional average values, assuming axisymmetric
profiles.

Fluctuations of Local Particle Velocity,
Concentration, and Flux

Fluctuations in the instantaneous local variables—particle
concentration, velocity, and flux—reflect turbulence of the
local suspension flow. The standard deviation of particle flux
is related to the turbulent intensity and is a key parameter in
modeling the suspension flow. Our probe allows determina-
tion of the instantaneous particle fluxes and their fluctua-
tions.

Local solids holdup fluctuations are shown in Figure 5 with
corresponding probability distributions at five radial positions
for z=4.2 m, U, = 8 m/s, and a net solids circulation flux of
455 kg/m?-s. The local voidage traces and corresponding
probability distributions are similar to those reported by Is-
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Figure 4. Radial profiles of (a) time-average local solids
velocity, (b) time-average local solids concen-
tration, and (c) time-average local solids flux.
U, = 4.0 mss, G, = 325 kg/m?-s, z=42 m.
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sangya et al. (2000), based on a multifiber optical probe that

only measured particle concentration.

Figure 6 shows traces of instantaneous particle velocity for
the same operating conditions as in Figure 5. The cross-sec-
tional mean solids holdup is 0.17, a typical value for high-
density conditions. The corresponding probability distribu-
tions for the whole measurement period are also included in
Figure 5. In the dilute central region of the riser, the particle
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velocity is high and accompanied by high-amplitude fluctua-
tions, coupled with low-amplitude fluctuations of solids vol-
ume fraction. The corresponding probability distribution of
particle velocity in this region is relatively wide, indicating
large fluctuations and strong turbulence, while the corre-
sponding probability distribution of solids holdup gives a nar-
row peak, showing a relatively homogeneous dilute suspen-
sion flow at the axis. Further outward, the fluctuations in lo-
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Figure 5. Local solids holdup vs. time with corresponding probability distribution plots for five radial locations.

U, =8m/s, G, = 455 kg/m?-s, and z = 4.2 m. Cross-sectional average solid volume fraction = 0.17, obtained by integration of local holdups.
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cal particle velocity tend to be weaker and less frequent, with
a narrower probability distribution. At the same time, the av-
erage local particle velocity shifts to smaller magnitudes, while
the suspension becomes denser toward the wall. The most
frequently encountered particle velocity at r/R = 0.95 is neg-
ative. However, as discussed by Bi et al. (1996), this does not
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necessarily indicate that the net flow direction is downwards.
No previous researchers have reported continuous local par-
ticle velocity traces.

The new probe enables local instantaneous fluxes to be de-
termined. Figure 7 plots local instantaneous solids fluxes for
the same operating condition as in Figures 5 and 6. The cor-
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Figure 6. Local velocity vs. time with the corresponding probability distribution plots at five radial locations.

U, =8 m/s, G, = 455 kg/m?:s, and z =42 m.
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responding probability distributions are also included for the
same measurement periods. In the dilute central region of
the riser, all solids fluxes are positive, fluctuating over a wide
range. This range “shifts” toward the negative side and be-

1500
- r/R=0.95
§F 1000 |
52 500
i:
£ 0 -
g g 1
S ] -500 -
-1000
1500
3F 1000 | PREOT
g % i b | ‘n
S8 500 L il T
g :E: 0 -k b .i:‘n A I _}‘ ‘,l;. ‘ ,,l;u".l‘i‘h ] ;’;E., njlrl:.;i |h,l
3 : I- N . R 41l 1] 30
§3 -500
-1000
2000
" r/R=0.84
g7 1500
2 E
s € 1000
s £
g € 500 -l T q il o m N
w2 ol : i | i
5 o VNI v Lo
) 5 0 15 20 PS5 30
-500
e 2500
8 2000
3G
2 E 1500
s2
€% 1000
K "
= 5
g
- 0

Local instantaneous solids
flux (kg/m?s)

Time(s)

comes narrower as the probe is traversed toward the wall.
Finally, the time—mean value falls below zero, with instanta-
neous values mostly between — 500 and 500 kg/m?-s, as seen
from the probability distributions.
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Figure 7. Local solids flux vs. time with the corresponding probability distributions for five radial locations.

U, =8 m/s, G, = 455 kg/m?2-s, and z=4.2 m.
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Fluctuations of local solids flux are closely related to the
distributions of instantaneous solids concentration (Figure 5)
and velocity (Figure 6). Because both the particle velocity and
its fluctuations are high at the center, the solids flux is high
with high-amplitude fluctuations in this region. The corre-
sponding probability distribution is wide, indicating large
fluctuations. Further outward, the fluctuations in local solids
flux are weaker and less frequent. At the same time, the av-
erage local solids flux decreases with increasing /R, while
the suspension becomes denser and travels more slowly.

Relationship between Instantaneous Particle
Concentration, Velocity, and Flux

Local instantaneous particle fluxes are closely related to
particle velocity and solids volume fraction as shown by Eq.
6. Bi et al. (1996) noted, based on a theoretical analysis, that
due to interaction between local particle velocity fluctuations
and solids concentration fluctuations, the time—mean particle
flux and velocity do not pass through zero at the same radial
position. As a result, different annular wall layer thicknesses
are obtained in the fast fluidization flow regime based on
radial profiles of solids flux and radial profiles of particle ve-
locity.

Unless fluctuations in velocity and concentration are un-
correlated, it is incorrect to ignore the second term on the
righthand side of Eq. 7, that is, to assume that the product of
local time—mean particle velocity and time—mean concentra-
tion gives the local time—mean solids flux. Since in general

G,# p,cv, or G# pp(l - E)up, (10)
it is not appropriate to obtain the third of the three
time—mean quantities (GX,E,UP) or (GX,E,UP) from the other
two. Zhu et al. (1991) measured the time-varying particle
density and mass-flow rate in a horizontal glass pipe of 51
mm ID for dilute suspensions ( <5 kg/m?) of 200-um glass
beads in air. They found that the covariance of the density
and velocity fields was ~1 to 10% of the mass-flow rate and
always negative, so that the product of time—mean density
and velocity always overestimated the actual mass flow. Qian
and Li (1994) reported a considerable difference between the
direct time-average particle velocity and the weighted time-
average with respect to bed density for FCC risers at U, = 2.5
m/s and G, =62 kg/m?-s. However, the first of these two
groups applied an indirect measurement technique based on
electrostatics to determine the mass flow, while the second
applied a Pitot tube to measure the particle velocity, which
is not well suited to determine instantaneous velocities.

Figure 8 plots the instantaneous particle velocity against
the instantaneous solids concentration determined simultane-
ously by our multifunctional optical probe. At the axis, the
instantaneous particle velocities and the corresponding solids
concentrations appear to be uncorrelated. For the next three
radial positions (r/R = 0.5, 0.84, and 0.89), a strong correla-
tion can be identified, with higher solids holdup (such as due
to streamers) usually corresponding to reduced velocities,
while dilute structures mostly correspond to faster ascent.
Near the wall, due to more solids descending and the more
random flow structure, this trend is less obvious for the high
flux conditions.
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Figure 8. Local instantaneous vertical component of
particle velocity vs. simultaneously measured
local instantaneous solids concentration.

U, = 8.0 m/s, G, = 455 kg/m?+s, and z=4.2 m.

The correlation between instantaneous particle velocity and
concentration confirms that the average solids flux should not
be obtained from the product of the time—mean solids con-
centration and the time—mean velocity. For convenience, we
consider a normalized error factor

1-é)w,—G,
¢Err=%’ (11)

sm

where 1—€ and Z are the local time—-mean average solids
volume fraction and particle velocity calculated from Egs. 1
and 2, G, is obtained by averaging the local instantaneous
local fluxes over the same measurement duration as (1— €)
and (v,), while G, is the integrated solids circulation flux
over the whole cross section (i.e., Eq. 9).
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With the aid of Eq. 7, Eq. 11 can be rearranged to give

Ay P
Dy, = — -— 1—€)u, 12
Err G NGsm ,';1 ( € ) pi ( )

sm

Therefore ®g,, is simply the negative value of time—mean
normalized covariance of suspension density and particle ve-
locity.

Figure 9 plots radial profiles of @, for various operating
conditions. In most cases, ®,, is positive, that is, the covari-
ance between the two is negative and the particle velocity
and concentration are negatively correlated. Positive correla-
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AIChE Journal



1500

: A
1000 - ; +30% - 4
i A
: R 7Y
E E
[ H -7 2309
€ 500 - : T 80%
a 1
> H
lo H
4
0 =
7 A0<r/R<05
AR A05<r/R<0.9
S *rR>09
500 K—= i , .
-500 0 500 1000 1500
Es (kg/m?s)

Figure 11. Products of time-mean particle velocity and
the time-mean local suspension density vs.
time-mean local solids fluxes.

tion between the two parameters only occurs near the wall
where both the net flow direction and particle velocity tend
to be downwards. Multiplying the time—mean velocity by the
time—mean suspension density overestimates the local solids
flux in most cases. At the riser axis, the error is very small.
@, then increases with r/R, reaches a peak, and falls to
zero or a negative value at the wall. The maximum errors
occur in the interior of the column, for example, at r/R = (0.7
~ 0.9, where estimation of G, based on ppEU_p causes the lo-
cal solids flux to be overestimated by 50% to over 100%. Us-
ing the product of time—mean velocity and time-mean den-
sity to estimate the time—mean local solids flux is acceptable
only at the riser axis. The error appears to be more signifi-
cant at lower U,.

The effect of height on the radial profiles of ®,. can be
seen in Figure 10. The greatest negative covariances occur in
the middle of the riser, that is, z = 3.6 —4.2 m. This trend is
somewhat similar to the axial profiles of radial particle veloc-
ity and flux distribution, suggesting that stronger radial
nonuniformity corresponds to stronger correlation between
the particle velocity and concentration.

Figure 11 plots local time—mean solids fluxes compared
with those estimated by multiplying the local time—mean sus-
pension density and particle velocity. It confirms that at very
high solids fluxes (usually near the riser axis) and at very low
fluxes (usually near the riser wall), the difference is relatively
small. In the intermediate range, between the riser center
and wall, the error is much larger. It also shows that multiply-
ing the time—mean velocity by the time—-mean suspension
density almost always results in a larger magnitude than the
true local solids flux.

The radial profile of particle velocity—concentration co-
variance can also be related to the radial transfer of particles.
Jiang and Fan (1999) reported that the maximum radial
transfer rates (radial solids fluxes) occurred between the riser
center and wall. Earlier work by Qi and Farag (1993) showed
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453 ﬁg/mz-s. Open symbols were obtained by pressure
transducers; closed symbols by optical-probe.

a similar radial distribution of radial particle momentum ex-
change. The coincidence between the location of the maxi-
mum vertical velocity—concentration covariance and the ra-
dial transfer of particles indicates that turbulence is strongest
at this location, this also being the region of strongest parti-
cle—particle collisions.

Further Evaluation of Optical-Fiber Probe

To further validate the novel optical probe, the measure-
ment results are compared in this section with those obtained
by other techniques, namely, pressure transducers to mea-
sure apparent solids holdups, the butterfly-valve quick-clos-
ing technique to measure total solids circulation rates (G,),
and a nonisokinetic sampling method to measure local
time—mean solids flux. This comparison also provides an in-
dication of the accuracy of these three relatively simple mea-
surement techniques commonly applied in CFB systems.

Pressure transducers

The apparent solids holdups at superficial gas velocities of
6 and 8 m/s and high solids circulation fluxes ( >400 kg/m?:s)
have been estimated from time-average differential pressures
across sections of the riser by applying Eq. 20 of Part I, ne-
glecting wall friction and solids acceleration/deceleration. In
Figure 12 they are compared with the cross-sectional mean
solids holdup values at different riser heights, obtained by
integrating the local time—mean solids holdups measured by
the dual-functional optical-fiber probe over the cross section,
that is, Eq. 8. Note that due to a venturi section at the bot-
tom section of the riser (see Figure 1), there is a particle
deceleration zone in the lower part of the riser. Figure 12
shows reasonably good agreement between the two methods
for most of the riser, excluding the inlet section. This helps to
validate the use of the optical-fiber probe to measure solids
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concentration, given that the pressure gradient method has
been separately validated (Arena et al., 1988), although it can
lead to some error in the lower region of risers where neglect
of the acceleration term is not fully justified (Weinstein and
Li, 1989; Louge and Chang, 1990; Issangya, 1998).

Butterfly-valve quick-closing method

Figure 13 compares the integrated solids fluxes, G,,, (see
Eq. 9), obtained by integrating the local measurements ob-
tained by the optical probe and the net solids circulation rates,
G,, determined by the butterfly-valve closing method (see Liu,
2001) for 40 different operating conditions covering low to
high solids flux conditions. In almost all cases, the difference
between the two methods is less than 30%. The root-mean-
square deviation is 22.8%, larger than one would wish, but
acceptable in many gas—solids transport systems, especially
when operated at high solids fluxes. However, it can be seen
from Figure 13 that the optical-fiber probe usually gives a
higher G, than the butterfly-valve method. The bias factor
between the two methods, defined as

Fm=exp(l iln( Gsm)), (13)

ni_1

is found to be 1.11, indicating that the integrated flux from
the optical-fiber probe is 11% higher on average than that
from the butterfly-valve method. The discrepancy is likely to
arise from one or more of the following factors:
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Figure 14. Comparison of radial profiles of local solids
flux obtained by optical-fiber probe and non-
isokinetic sampling probe at z=4.2 m and
various intermediate-density operating con-
ditions.

Open symbols correspond to optical probe; closed symbols
to suction probe.

(1) Statistical fluctuations, caused by turbulent flow of the
gas—particle suspensions, can cause errors when estimating
particle transit times (see Part I) from cross-correlation peak
positions (Lassahn and Baker, 1982).

(2) Each velocity value was obtained by cross-correlating
signals over a very brief integration period (duration ~14.6
ms), yielding an “average” velocity over this brief period. As
just analyzed, use of time—mean quantities tends to lead to
overestimations of the actual flux. Averaging even over such
a brief period can cause some overestimation of the solids
flux.

(3) The butterfly-valve method is subject to error, for ex-
ample, due to its finite closing time and disturbance of the
loop caused by the extra pressure drop across the butterfly
valve.

While it is impossible to state which of the two methods is
subject to the greatest error, the bias is small enough that
both can be considered to be reasonably accurate.

Nonisokinetic sampling probe

The radial profiles of local solids flux obtained by the opti-
cal-fiber probe are compared with those measured by the
nonisokinetic sampling method in Figures 14 and 15. The
sampling procedure and device were similar to those of Is-
sangya (1998), except that the downward flux at the wall was
determined by inverting the probe tip to face upwards and
applying the same suction velocity as for the measurement of
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Figure 15. Comparison of radial profiles of local solids
flux obtained by optical-fiber probe and non-
isokinetic sampling probe at z=4.2 m and
various high-flux operating conditions.

Open symbols correspond to optical probe; closed symbols
to suction probe.

upward flux. At intermediate net solids circulation fluxes
(Figure 14) or low superficial gas velocities (Figure 15a), there
is reasonable agreement between these two methods. How-
ever, for high-flux conditions (Figures 15b and 15c¢), the sam-
pling method gives significantly lower fluxes in the core of
the riser and higher fluxes in the wall region.

For the nonisokinetic method, the suction velocity was kept
constant and approximately equal to the superficial gas veloc-
ity for all radial positions. As a result, the suction velocity is
much lower than the local particle velocity for the central
region and much higher in the wall region. Our experimental
tests have shown that for suspensions denser than a few per-
cent solids volume fraction, the measured flux increases with
increasing suction velocity. This suggests that using the non-
isokinetic suction probe method to measure the flux distribu-
tion in the high-density CFB can give a lower value in the
riser interior, while leading to overestimation near the wall.
This is supported by Figure 15c, where, when the suction ve-
locity was adjusted to be closer to the local time—mean gas
velocity (open triangles), the measured fluxes increased in the
central region and decreased near the wall. The overall dis-
tribution was then closer to that obtained by the optical-fiber
probe method.

The cross-sectional average solids fluxes measured by a
nonisokinetic sampling probe are also compared in Figure 13
with those obtained by the optical probe and the butterfly-
valve technique. It can be seen that all three measurement
techniques give similar values for the conditions studied.
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While it is again impossible to evaluate with certainty the
exact errors in the two methods, we note that the optical-fiber
probe is both less intrusive and better able to respond to rapid
fluctuations than suction probes. As a result, Figures 14 and
15 provide an indication of the errors inherent in suction
probe measurements.

Conclusion

The local instantaneous solids flux was determined by mul-
tiplying the simultaneously determined suspension density
(local volume concentration times particle density) times the
local instantaneous particle velocity of the same particles in a
high-density circulating fluidized riser for FCC particles. The
results are in reasonable agreement with those obtained by
pressure transducers for apparent solids holdups, the butter-
fly-valve quick-closing technique for total solids circulation
rates, and nonisokinetic sampling for local time—mean solids
flux distribution. The probe provides an excellent means of
obtaining simultaneous local instantaneous particle veloci-
ties, solids concentrations, and solids fluxes.

Except at the axis, instantaneous particle velocities and
particle concentration are negatively correlated, with the
strongest correlation occurring between the riser axis and the
wall. Using the product of time—mean velocity and
time-mean suspension density to estimate the local
time—mean solids flux therefore leads to erroneous results.
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Notation

¢ =local instantaneous solids volume fraction

¢ =time—mean local solids volume fraction

¢ =fluctuating component of local solids volume fraction
¢,, =time—mean cross-sectional average solids volume fraction
F,, =bias factor defined in Eq. 13
G, =local instantaneous solids circulation flux, kg/m?s

G, =time—mean local solids flux, kg/m?-s
G,,, =time—mean cross-sectional average solids flux, kg/m?-s
G,(t) =instantaneous local solids flux, kg/m?-s
N =number of determinations
r =radial coordinate, m
R =radius of riser, m
T =cross-correlation integration time period, s
t =time, S
U, =superficial gas velocity, m/s
up,Up(tts =instantaneous local particle velocity, m/s
U, =time—mean cross-sectional average particle velocity, m/s

v, =time—mean local particle velocity, m/s

z =vertical coordinate, m

Greek letters

€(r),e = instantaneous local voidage
€ =time—mean local voidage
€' = fluctuating component of local voidage
€,, =riser cross-sectional average voidage
®g,  =error factor defined by Eq. 12
¢ =dimensionless radial position, = r/R
p =density, kg/m?®
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Subscripts

1,2 =data-acquisition channel 1, 2

g =gas
i =i™ determination
p =particle
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