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Abstract

A novel fiber optic probe system has been developed for studying the bubble behavior in gas—liquid—solid three-phase circulating
fluidized beds (TPCFBs). Mathematical method to analyze data by probe technique has also been discussed in this paper. The bubble size
and its distribution, bubble Sauter diameter, gas—liquid interfacial area and bubble rise velocity, have been experimentally studied using
the fiber optic probe. The experimental results show that the bubble size distribution in TPCFBs follows lognormal function. The bubble
Sauter diameter has the radial profile with smaller value in the central region than in the near-wall region, different from the conventional
three-phase fluidized beds (CTPFBs) without outer particle circulation. The distribution of bubble rise velocity, gas—liquid interfacial area
and effect of the operation conditions have been experimentally studied. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction The bubble behavior, one of the most important parame-
ters for the reactor simulation and design, is related to the
Gas-liquid—solid three-phase fluidized beds have beenphase holdup, interaction of the phases and mass transfer
widely used in petrochemical, metallurgical, environ- behavior. Remarkable research has been carried out on bub-
mental and coal liquefaction processes [1]. Conventional ble behavior in CTPFBs [6,7], but no report in TPCFBs was
three-phase fluidized beds without outer particle circulation found in the literature. Due to particle circulation and higher
encounter troubles when applied to systems with catalystliquid velocity, TPCFBs have a special flow structure differ-
liable to be deactivated or with small/light particles; more- entfrom CTPFBs [3]; therefore, the bubble behavior should
over, the heat removal is a troublesome problem for a strongalso has its own special characteristics.
exothermic reaction. Liang et al. [2] presented a three-phase Probe technique is an effective method to measure the
fluidized bed with outer particle circulation and higher lig- bubble properties such as bubble size distribution and bub-
uid velocity, suitable for light/small particles widely used in  ble rise velocity in three-dimensional three-phase fluidized
biochemical processes. Previous experimental study showdeds [8]. Several probe methods for measuring bubble prop-
that three-phase circulating fluidized beds (TPCFBs) have erties, such as electrical conductivity probe [6], electrical
better hydrodynamics and mass transfer performance tharresistive probe [19], and fiber optic probe [9-11] have been
conventional three-phase fluidized beds (CTPFBs) without mentioned in literature. The fiber optic probe is applicable
outer particle circulation [3-5]. In TPCFBs, the particle both to electric and non-electric system, and the compact
circulating rateGs and solid holdup can be adjusted by reg- structure reduces disturbance to the flow field giving more
ulating the flow ratio between the primary and secondary accurate result. These advantages make the fiber optic fiber
stream of the liquid, thus, the superficial gas velodity, preference in recent years.
superficial liquid velocityU, and particle circulating rate From the probe signal, we can only get the bubble
Gs can be independently controlled. This character is of rise velocity and bubble chord length distribution. The
great advantage for reactor design and operation, superior talgorithm inferring the bubble size distribution from the
the three-phase airlift external loop or internal loop reactor measured chord length distribution must be established.
with particle and liquid circulation as well. Some researchers proposed the algorithm for determining
the size distribution of bubbles touching the probe [9,12],
however, this bubble size distribution can not be directly
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Nomenclature 4 4

a  gas-liquid interfacial area (ffim3) 5

dp  bubble diameter defined with the maximum | il |
vertical chord length (mm) - |

dva bubble Sauter diameter (mm) 7 %3 d

Eo  goid?lo, the Btvds number el

Gs Particle circulation rate (kg mfs—1)

Iy bubble chord length (mm)

m, number of bubbles per unit volume (1)
Mo  gu/pio®, the Morton number

P probability density function (1 mmt) ;
r radial coordinate (mm) r—

o
PO

W
s eay

1 Water

R radius of the fluidized bed (mm) 7

R,  bubble horizontal radius (mm) 9

U,  bubble rise velocity (ms) s Y

Uy superficial gas velocity (ms) Air

U, superficial liquid velocity (ms) -

Greek Letters 1. Three-phase fluidized bed 2. Fiber optic probe 3.
o Shape factor of the bubble Gas-liquid distributor 4. Liquid-solid separator 5.

Particle metering tank 6. Particle reservoir 7. Flowmeter

€g gas phase hO|dUp 8. Pump 9. Liquid reservoir.

&g solid holdup

Fig. 1. Scheme of the experimental apparatus.

Iﬁt'c a_md g_on—_garamet?rbbzzlrwarﬂ tran;,form for mflerrlng let, thus, the particle circulating rate can be controlled by
the size distribution of bubbles through an area element regulating the flow rate ratio between the two liquid stream.

from the chord length dada, but no experimental results |y e jiquid velocity is adopted to ensure the fluidized bed
using this more accurate algorithm have been found in i operated in the three-phase circulating regime [2]. The
Ilteratu_re. . fiber optic probe connected to the bed-wall is movable in

In this paper, improvements have been made both {0 they, o 14 gia| direction so that the bubble behavior in different

probe structure and data analysis algorithm. Further d'scus'radial position can be measured.

sion such as adjustable threshold method for signal identi- A novel fiber optic probe system has been developed

fication, and the relationship between the size distribution for measuring the bubble behavior in multiphase flows. Im-

of pUbbleS touch.ing the probe and bubbles in the system asprovements have been made both to the probe structure.
defined in following text, have been made to the Liu's [8] g adoption of more tenuous optic fiber with kernel di-

algorithm. Software bgsed on this algorithm has been deVe"ameter 62.;um (in literature, a optic fiber with diameter
oped f_or(_jata processmg_to give the local gas holdup, bubble1 mm was used, see [9,13]) and technique of emitting and
size distribution, bubble rise velocity, bubble frequency, and receiving light in the same fiber make the structure more

gas-liquid interfacial area. compact, which in turn, diminishes the signal response and
the disturbance to the flow field when measuring the bub-
ble parameters. The block diagram of the system is shown
2. Experimental in Fig. 2. The emitted light beam is split through the split-
ter, and then sent into the fiber through the fiber coupler.
A schematic diagram of the experimental apparatus is Each beam is reflected at the end of the fiber. The inten-
shown in Fig. 1. The riser is a vertical Plexiglas column sity of the reflected light is different when the probe tip
140mm in inner diameter and 3.0m in height. Tap water is in the liquid and bubble due to different refraction. The
and air are used as the liquid and gas phase, respectivelypresence of particles in the system has no signal response,
Glass beads of diameter 0.4 mm and density 2460 kghe this make the developed probe system applicable to both
used as the solid phase. Air is pumped into the bed from gas—liquid—solid three-phase and gas-liquid two-phase sys-
the bottom, distributed by a pipe-type gas—liquid distributor tem. The output light density signal containing informa-
and flow up concurrently with the liquid. The liquid pumped tion of bubble behaviors is transmitted into electrical signal
from the reservoir is divided into two streams and then fed through a light detector, and amplified through the ampli-
into the bed. The primary stream fluidizes the particles and fier to output standard voltage signals. The signals are sam-
the secondary stream control the friction of the particle in- pled by an analog-to-digital data acquisition-card and the
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1.Laser source 2. Light splitter 3. Fiber coupler 4. Light detector
5. Amplifier 6. A/D Transducer 7. Probe.

Fig. 2. Hardware structure of the fiber optic probe for bubble measuring.

results are stored into a data file in a PC. A specially written
program has been developed to control data acquisition an
analysis to the measured data.

3. Algorithm

3.1. Bubble rise velocity

399

3.2. Bubble chord length distribution

The bubble chord length is calculated by multiplying the
bubble rise velocity and the duration time of the probe in the
bubble. The bubble signal is not ideally rectangular, there-
fore, the selection of threshold values has effect on determi-
nation of the start and end time of a bubble signal. Single
threshold, dual thresholds method and thresholds based on
a rate of signal change with time or called slope method
have been adopted in the literature, [9,13]. Fixed thresh-
old method may cause the omission of the small bubble
or mistake of identifying two adjacent bubble signals as a
larger one. The slope method is sensitive to the signal noise
and is of poorly robust performance. In this paper, an im-
proved dual threshold method is proposed. In this method,
the threshold value varies with the peak value of each bub-

le signal, which may be smaller for the smaller bubble. The
ow and high threshold valuéy; andVy; for theith bubble
signal is calculated by

Vihi = Vi +v(Vhi — Vi) 1)
(2

where y is an adjustable parameter set to be 0.1 in our
experimentV,; andVy; the lowest and highest value of the

Vhi = Vi + A= y) (Vi — Vi)

Bubble measurement using fiber optic probe is based onjy, pyphle signal, respectively. The comparison of the dual

the refraction difference of the gas and liquid. The level of

adjustable threshold method to single threshold method and

output signal is low when the probe fiber is in the liquid y,al fixed threshold method is shown in Fig. 4.
phase, and becomes high when the probe fiber pierces into

a gas bubble. When the gas-liquid—solid mixture flows up 3.3. Bubble size distribution

concurrently, output signal containing bubble information is

obtained, as shown in Fig. 3. The downstream signal lags a
little compared with the upstream signal due to the distance

between the two fibers, which is clearly in the locally enlarge

signal Fig. 3. The lag time can be determined by correlation

To derive the bubble size distribution from the chord
length distribution, the following basic hypothesis are made
in advance:

method, and then, with the distance of the fibers, the bubblee The bubbles are ellipsoidal with the same shape factor.

rise velocity can be calculated [9].

e The bubbles are considered to rise in vertical line path.
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Fig. 3. Typical signals from the optical fiber probe.
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Pp(dp)
2
dy

P, cs(db) = (7)

-1
o

|:/ Pp(gb) ddb:|

0 db
The difference betwee:(Ip) andPp(dy) is due to a bubble
touching the probe tip at different position, and the difference
betweenPp(dy) andPcg(dy) is due to higher probability of
a larger bubble touching the probe tip. Similaf(dy) is
different from P¢g(dp) due to the variation of bubble rise
velocity with bubble size, this difference is not considered in
Liu’s discussion, which is unreasonable especially in system
with bubble size varying in a wide range.

Pcs(dp) can be expressed HBg(dp) in the following way:

Ps(dp)up(dyp)

Fig. 4. Comparison between dual adjustable threshold method and otherOr

methods in literature.

e The probability of the probe fiber touching a point in the
bubble cross-section is the some for every point.

To illuminate the relationship between the bubble chord
length distribution and the bubble size distribution, defini-
tions of bubble size distributions are given as follows:

e Size distribution of bubbles touching the probe

i 1 nbp(db, dp + Adp)
Adp—0Adp nbp(O, dpmax)

wherenyp(dy, dp + Adp) is the number of bubbles touch-
ing the probe with diameter betweely anddy + Adp,
and npp(0, dhmay) the total number of bubbles touching
the probe.

e Size distribution of bubbles through a horizontal area el-
ement around the probe tip and wiRyax as the radius

1 npes(dp, do + Adp)
nbes(0, dp max)

wherenpcqdp, dp+Adp) is the number of bubbles through
a horizontal area element with diameter betwdgrand
dp+ Adyp, andnpcd0, dp may) the total number of bubbles
through this horizontal area element.

e Size distribution of bubbles in a volume element

1 nbs(dp, dp + Adp)
Adp—0 Adb an(O, db max)

where npg(dy, dp + Adyp) is the number of bubbles in
a volume element with diameter betwedg and dy, +
Ady, andnpg(0, dp max) the total number of bubbles in this
volume element.

3)

Pp(dp) =

lim

Pes(dp) = —
es(clb) Adpy—0Adp

(4)

Ps(dp) = (5)

Liu et al. [8] have indicated that the relationship between
Pc(lb), Pp(dy), andPcg(dp) as follows:

ch(lb)}
Ip=dp

die (6)

1
Pp(dp) = > [Pc(lb) — Iy

Pes(dp) = 8
esldb) o~ Ps(dp)un(dp) ddp (8)
- % Pes(dp) , ]t

/ Ps(dp)up(dp) ddp = |:/ cs ddb:| )
0 o ub(dp)

Using the unitary property d®s(dp), derivative with Eq. (9)
Pes(dp)

yields
|:/OO Pcs(db) ddbi|_1
up(dp) [Jo ubldp)

With Egs. (6), (7) and (10), the bubble size distribution in the
systemPg(dp) can be determined from the measured chord
length distribution. Tsuchiya et al. [14] found that the single
bubble rising velocity nearly does not vary with bubble size
in the range of 2mm< dp < 10mm, and experimental
result shows that the bubble size in TPCFBs is in this range,
therefore Ps(dyp) andPcg(dp) is considered to be the same in
TPCFBs. The difference betwe®i(lp), Pp(ds) andPs(dy)

in TPCFBs is shown in Fig. 5.

Ps(dp) = (10)

3.4. Gas-liquid interfacial area

Suppose the number of bubbles per unit volumenis
the gas holdup can be described by

0.45
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Fig. 5. Distributions of bubble size and chord length.
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/CO Pud )noc dp s dd
m — | —
0 bfsldb 6 o b 0.5+

T o0 A %
3 .
mp— fo Ps(dp)d;; ddp (11) 04 E\ 0o

—a— 0.018
0.3+ . —0— 0.036

0.1 4 ‘\

g

where the shape facter is consumed to be a constant.
Similarly, the gas—liquid interfacial area can be described by

PDFunction P(d,)
o
3
S

a= A mst(db)Edb ddp = mb& A Ps(dyp)dp ddy (12)

where /) N
* Py(db)d? ol asl S,
:/_g A R S S S IS A A B
o P s(db)db bubble diameter, mm
is the bubble Sauter diameter. Substituting Eq. (12) into Fig. 6. Effect of superficial gas velocity on bubble size distribution at
Eqg. (11) leads to radial positionr/R = 0.
602 00 -1 T [
a =eg— [ / Ps(dp)d; ddb} il / Ps(dp)dZ ddy,
T 0 aJo
Baeg 4.2. Influence of operating conditions on bubble
== (13) size distribution
va
Thus, the gas-liquid interfacial area can be determined with 4 5 1 |nfluence of superficial gas velocity
Eqg. (13). Note that the value of the shape factds needed. Figs. 6 and 7 illustrate the influence tfy on Ps(c).

Based on vast data in the literature Wellek et al. [15] pro- The pubble Sauter diameter decreases with increase of the
posed a correlation to predict the shape factor of droplets O'superficial gas velocity within relatively loweldy range,
bubbles however, contrary results in CTPFBs are found in the lit-
o= 1 Mo < 10, Eo < 40 (14) erature [7,17]. The pubble size is influenced by the phase

1+ 0.163E0Q0-757 holdup, phase velocity, phase structure and the gas sparger
structure. Whether this contrary is caused by the sparger
structure or the special characteristics of TPCFBs needs
further investigation. Although both the bubble Sauter di-
ameter in the central region and near-wall region decreases
whenUy increased, the variation in the near-wall region is
more obviously, resulting in more uniform radial profile of
dva With increasingUg as shown in Fig. 7.

where Eo = gpid?/o is the Btvds number andvo =
gutt/pio the Morton number. Using this correlation and
the bubble size distribution gives an approximate value 0.8
of the bubble average shape factor.

4. Result and discussion

4.1. Radial profile of the bubble size distribution
6.0

With the software for data acquisition and analysis, the ! /R
bubble chord length and size distribution have been ob- 554
tained, as shown in Fig. 5. The experimental results show
that Ps(dp) can be described by lognormal function, in ac-
cordance with the results reported in CTPFBs without outer
particle circulation [12,16].

The bubble Sauter diameter is not uniform in radial di-
rection. In TPCFBs, the bubble Sauter diameter is smaller
in the central region than that in the near wall region, dif-
ferent from CTPFBs without outer particle circulation [6].
This difference may be caused by the higher liquid velocity
and outer particle circulation in TPCFBs. Considering that t————T T T T T T T
the gas holdup is higher in the central region [3], the pro- 0015 0020 0025 0030 0035 0040 0045 0.050 0055 0.060
file of dyg in TPCFBs is favorable to enhance the gas—liquid U, m's
interfacial area, which in turn, favorable to the gas—liquid
mass transfer. Fi

0.28

[ ]
0]
A
\4
*

4.5

Sauter diameter, mm

4.0

g. 7. Effect of superficial gas velocity on bubble Sauter diameter.
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Fig. 8. Effect of superficial liquid velocity on bubble Sauter diameter.
Fig. 9. Effect of solid holdup on bubble Sauter diameter.

4.2.2. Influence of superficial liquid velocity, U

The influence olJ, on day in different radial position is ~ Generally speaking, solid holdup increases with particle
shown in Fig. 8. The results show tHat has no significant ~ circulating rateGs [5]. The influence of solid holdups on
influence on the bubble Sauter diameter in the circulating dva at different radial positions is shown in Fig. 9. The bub-
regime. Matsuura et al. [12] reported the bubble size de- ble Sauter diametet,, decreases slightly with the increase
creases whebl, increased. Lee et al. [15] found the similar  Of &s in the region of lowes, and it increases in the region
result in the range of low liquid velocity, but nearly no vari- Of relatively higheres. This may be caused by increase of
ance of bubble size withJ; was found wherlJ, is higher ~ apparent viscosity due to increased solid holdup.
than a certain value, in accordance with our experiment re-
sult in TPCFBs with higher liquid velocity. 4.3. Bubble rise velocity distribution

4.2.3. Influence of particle circulation rate,G Due to the bubble size distribution and the turbulence
Particle circulation rat&s can be controlled by changing of the gas and liquid phase, the bubble rise velocigy
the ratio of mainstream to secondary stream of the liquid. is non-uniform, as shown in Fig. 10. The distribution of
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Fig. 10. Bubble rise velocity distribution at different radial position.
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Fig. 11. Radial profile of bubble rise velocity.

Up in the central region has larger average value and smaller
standard deviation than that in the near-wall region. The
liquid velocity [5] and gas holdup [18] are higher in the
central region, both favorable to increase the bubble rise
velocity. The more scatter distribution of in the near wall
region may be explained that the distributiorugfis mainly
caused by the turbulence of liquid phase and gas phase.
Large vortexes in dynamic equilibrium of formation and
disintegration were observed in the near wall region, causing
more violent turbulence and more scattered distribution of
Up.

The radial profile of the bubble rise velocity is shown in
Fig. 11. In the case of low gas velocity/ § < 0.03 m/s), the
maximum bubble rise velocity occurs at the radial position
r/R ~ 0.2, not at the center, probably due to the secondary
spiral structure of bubble swarm. When the superficial gas
velocity further increases, the radial profile of the bubble
rise velocity becomes more uniform, especially in the region
r/R < 0.6 whenUg > 0.05m/s.

4.4. Influence of the operating conditions on the
gas—liquid interfacial area

Based on the measured gas holdup and bubble size dis-
tribution, the gas—liquid interfacial area can be determined
from Eq. (13), a shape factor of 0.8 is used based on Eq. (14).
The influences dflg, U, andGs on the gas-liquid interfacial
area are shown in Figs. 12-14, respectively. Both the outer
particle circulation and relatively higher liquid velocity are
favorable to the bubble breakup, so that the bubble Sauter
diameter is relatively small and the variation of the bubble
diameter is<15% under the experiment conditions. Thus,
the interfacial area mainly depends on the gas holdup. When
increasing the superficial gas velocity, the gas—liquid inter-
facial area increases more remarkably in the central region
than in the near-wall region, as shown in Fig. 12. The lig-
uid velocity has the contrary effect leading to more uniform
radial profile of the gas—liquid interfacial area, as shown in
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