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Abstract

A probability distribution model of the local voidage was proposed to describe and simulate dynamic gas—solid distribution in the bubbling
and turbulent fluidized bed reactors. Experiments were carried out in an air-fluidized bed. The bed materials were FCC patrticles (Geldart /
and irregular sand particles (Geldart B). A cross-optical fiber probe was employed to measure dynamic voidage. The minimum probabilit
method was introduced to identify the division between the emulsion phase and the bubble phase. The statistical analysis indicated tt
the two particle types employed have extremely different dynamic behaviors corresponding to different gas—solid distributions and th
interaction between the bubble and emulsion phases. For the FCC particles, the voidage of the emulsion phase is very close to that at
minimum fluidization with little effect from the formation and motion of bubbles in bubbling regime, and deviates a little foim
turbulent regime. For the sand particles, the voidage of the emulsion phase differs far from that at the minimum fluidization, and the bubbl
phase gradually becomes more dilute from bubbling to turbulent regime. However, for both particles the dynamic voidage fluctuations i
the emulsion phase and the bubble phase followed beta distribution under various operating conditions. The probability density functior
of the local voidage fromnas to 1 showed the continuous double-peak phenomena, one peak for the emulsion phase and another for th
bubble phase, and evolved with changing operating conditions and bed position. A particular distribution, called coupled beta distributior
was developed to describe and simulate such probability density function with double peaks and its complex evolution from bubbling t
turbulent regime. The quantification of the probability density function then statistically introduced the spatiotemporal two-phase flow
structure. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction However, this assumption is an oversimplification of what
actually happens in the bed. In fact, the existence of solid
Gas—solid fluidized bed reactors have found a wide range particles in the bubbles has been shown both experimentally
of industrial applications. However, the heat/mass transfer [5—-7] and theoretically [8,9]. The emulsion also does not
and reaction within such reactors are far from being well stay at minimum fluidization state, but can contain more gas
understood and effectively quantified due to the complexity at higher gas velocities [10,11]. This phenomena results in
of the gas—solid interactions. Many models with simple a dynamic distribution of the two phases with the voidage.
assumptions have been suggested to describe the behaviofhe dynamic gas—solid distribution can have a considerable
of the two phases. These models have been widely in-effect on the apparent reaction and heat/mass transfer rate in
troduced in the literature [1-4]. They have explained and the fluidized beds. The traditional two-phase theory is inca-
made sense of the main features of the bubble and emul-pable of predicting these rates properly. Another shortcom-
sion phases in fluidized beds and have been of great helping of the simplified two-phase theory is that it is mostly
in improving knowledge of the interaction between the two limited to explain the low-velocity bubbling fluidization and
phases. is not able to explain the evolution of the two phases upon
The traditional two-phase theory assumes the existence ofincreasing the gas velocity. Increasing the superficial gas ve-
only two phases in the fluidized bed, i.e., solid-free bubbles locity in a fluidized bed causes a better mixing of the two

(e=1) and emulsion phase at minimum fluidizatieg=¢ns). phases which results in more solid particles entering the bub-

bles and more gas entering the emulsion phase. As a result,
"+ Corresponding author. Tek+1-514-340-4711, ext: 4034: a wider dynamic dis_tributio_n can be observed by in_creasing
fax: +1-514-340-4159. the gas velocity, while the simple two-phase model is unable
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In the recent years, more works have focused on the dy-be expressed by a simplified two-phase model as follows:
namic behavior of the two-phase flow structures in actual flu- 0 0
idized processes in order to improve the understanding of thepro(g) = Pre"(e) + Prp7(e) 1)
interaction between the two phases [12-15]. Some of thesgj, which
studies have demonstrated the complexity of the gas—solid

distribution in the gas—solid fluidized beds [11,16,17]. Abet- Prel(e) = f° (2)

ter understanding of how solids disperse in the bubbles and 0 - 1

how gas enters the emulsion has an enormous impact orPr,(e) = { 1’ 70 Emf 1 &= 3)
—F0 o=

the practical use of the fluidized bed reactors [4], which is

also highly valuable for improving the traditional two-phase where PP(e), Prl(e), and PE0(e) are the cumulative prob-
model for industrial applications. Therefore, this paper fo- 4pijiy distribution functions of the local voidage for the

cuses on quantitative description of the dynamic gas—solid overall, saturated emulsion phase, and pure bubble phase,
distribution of the two phases in the bubbling and turbulent respectively, angf® is the emulsion phase fraction:
fluidization regimes by analyzing the probability distribu-

tion function of the local voidage fromys to 1. £0 1—¢g )

T 1 — e
whereg, is the time-averaged voidage at an arbitrary local
2. Probability distribution model position.
The actual flow structure in fluidized beds show highly
The simple two-phase model assumes the existence of twocomplicated spatiotemporal dynamic behavior due to the
extreme phases, namely the solid-free bubble phasé)( nonlinearity of the gas—solid interaction. The emulsion and
and the emulsion phase at minimum fluidizatiea=¢m¢). bubble phases, with various irregular structures at different
Throughout this paper, we refer to the solid-free bubbles astime and position, exhibit not only extreme behavior with
pure bubblephase and the emulsion at minimum fluidiza- the voidagesms or 1, but also dynamic behavior with a
tion assaturated emulsiarOf course, one has to remember series of voidages in between [18], corresponding to dy-
that a bubble consists of a core gas region surrounded by thenamic gas—solid distribution, as shown in Fig. 1. Therefore,
cloud, in which the particles exist. The particles can pene- we introduced a probability distribution model of the local
trate into different bubble regions. However, in the middle voidage varying fromems to 1 in order to describe the cu-
of the bubble there may be a gas core in which no particle mulative probability distributions of the complex gas—solid
enters. Evidence will be given later in Section 4 for the exis- distribution of the two-phase flow structure as the following:
tence of such gas core. Therefore, the phrase “pure bubble”

in this paper refers to that portion of the bubble that “con- pr() /8 pr(e) de (5)
tains absolutely no solids” and should not be confused with 1 —emf o
the whole bubble as if it does not contain any particle. Eq. (5) can also be expressed as
In the simplified two-phase theory, the distribution of the
voidage in the fluidized bed is assumed to be equal to eitherPr(e) = Pre(e) + Pry(e) (6)
1 oremg, as illustrated by the dashed line in Fig. 1. The corre-
sponding cumulative probability distribution function could Where
&€
Prce) = —— [ pre(e) e @
— &mf Jeps
100 17//— 1 (e
] smple o | Pise) = 7 [ pry(e)ce ®
80- E:: | ;: se mode. !Prbo(l) Emf Jeps
I e e I | thus
60 N p Oy 0 & e
e=L Pr(e) = f pre(e) de + -7 / pry(e) de
1— emf emf

i
i
]
! 1.0 1- Emf Je
40- : /\ . oo NN rgf
] @J\ JHN J”u“w ! (fpre(e) + (1 — f)pry(e)) de 9)

Probability distribution function

20 Dynamic two § gi: (b) Experimental signal B 1- Emf Emf
hase model %8505 10 15 20
g T e pr(e) = fpre(e) + (1 — f)pry(e) (10)
0“""/41 * T T T T v T ¥
0.04¢,05 06 07 08 09 1.0 where Pr§), Prs(¢), and Pg(e) are the cumulative probability

distribution functions of the local voidage of the overall, the
emulsion phase and the bubble phase, respectively, while
Fig. 1. Probability distribution model of the local voidage pr(e), pre(e), and pp(e) are the corresponding probability

Local voidage ¢
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: ; . ; : Table 1
<<
den5|ty fUﬂCtIOI’lS&mf & 1, andf is the dense phase fraction Size distribution of the bed materials

which determines the weight factors. All parameters and —

variables in the above model are functions of the operating 52¢ ¢m percentage
conditions, bed position, and bed materials. FCC
In order to further characterize the complex two-phase 20 %

flow structure in timescale, we assumed that the maximum
L . . : 80 50
and minimum voidages exist on the ideal center of the bub- -

ble phase and the ideal center of the emulsion phase, respec-149 §§
tively, and the voidage changes monotonously between the and

two centers. According to Egs. (5)—(10), the gas—solid dis- gq 29
tribution between an emulsion phase element and its neigh- 180 4.36
boring bubble phase element [17] at timescale, called the 250 5.84
spatiotemporal gas—solid distribution for convenience, could 417 28.7
then be statistically described by a series of local voidages ggg ;g'g
from the ideal center of the emulsion phase element to 14qg 30.0

the ideal center of its neighboring bubble phase element at
timescale. The method of equality of probability [19] was
used to divide the probability function fromms to 1 inton
scopes of each probability equal tan1for which a distance

of unit time between the two centers was assumed: sand particles d,=2650 kg/n:f, tp=385pm) with a wide

size distribution, as given in Table 1, were used as bed ma-

Ei+1 . . P .
Pr(sis1) — Pr(er) = / pr(e) de terials to understand and compare the gas—so_lld dlstrlbgtlon
1—emtJg of Geldart A and Geldart B particles. The static bed height
1 was 300 mm for all the experiments. The transition super-

=g 'T 01....n-1 (11) ficial gas velocity from bubbling to turbulent fluidization,

U¢, was determined by the standard deviation analysis of
absolute pressure fluctuations and found to be 0.77 m/s for
the FCC particles and 1.50 m/s for the sand particles.

A cross-optical fiber probe with a measurement volume
defined by its two cross-fiber bundles of 0.8 mm in diam-
eter, was placed at an axial position of 150 mm above the
distributor level and at different radial positions to measure
instantaneous voidage. The optical fiber probe was cali-
brated according to the procedure described by Reh and Li
20]. The measurement volume of the probe employed in
his work is very small compared to the size of bubbles.

where ¢; is the local voidage corresponding to the time

coordinatei/n from the center of the emulsion phase ele-
ment to the center of its neighboring bubble andsPr{s

the cumulative probability of the local voidages frams

to ;. Eq. (11) gives the dependence of the local voidage
(&;) with respect to the coordinatérf), which can be sum-

marized into a two-dimensional vect®r = {(0, so(emf)),
A/n, e1), ..., /n,&),..., 1, &)} The spatiotempo-

ral gas—solid distribution shows how gas and solids interpen-

etrate the bubble and emulsion phases and statistically give

practical flow structure element (from the center of an emul- . . -
. hus, this probe is sensitive to the local flow pattern and

sion phase element to the center of a bubble phase element

: . o he interaction between bubbles and such probe does not
at timescale. This can help to understand quantitatively the .
L . . - influence the measurements of the actual flow structure.
gas—solid interactions in the fluidized bed.

o X o A PV-4A Particle Velocity Analyzer, made by the Institute
In order to quantitatively characterize the gas—solid distri- . . .
. . . o of Chemical Metallurgy, Chinese Academy of Sciences, was
bution and the influence of the operating conditions thereof, L : . :
. . . employed to obtain time series of dynamic voidages. For
a large number of experiments were conducted using differ- . .
. . o each run, more than 64 000 data, with a sampling frequency
ent bed materials. The resulting gas—solid distribution was

then developed according to the probability model described of 488 Hz, were acquired.
above.

4. Results and discussion
3. Experimental

4.1. Minimum and maximum voidages

Experiments were carried out in an air-fluidized bed of

152 mm diameter and 1.5m height under ambient condi- The minimum voidages(nin) and the maximum voidage
tion and different superficial gas velocities, covering the (emax) of the two-phase flow structure were analyzed in or-
bubbling and turbulent fluidization regimes. Air was intro- der to verify whether or not the emulsion phase and the
duced into the bed through a nozzle type distributor placed bubble phase actually show the extreme behavior. In this
above a stainless steel porous plate. Two types of particlespaper, the voidage corresponding<td% cumulative prob-
namely, FCC fp=1673 kg/nd, dp=70nm) and irregular ability distribution of the local voidage fromays to 1 was
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Fig. 2. Change in the minimum voidage of the emulsion phagg, and the maximum voidage of the bubble phasgayx with Ug for FCC and sand

particles (/R=0 andr/R=3).

defined agmin. The voidage corresponding to >99% cumu-
lative probability distribution of the local voidage frosms

to 1 was defined asnax. As shown in Fig. 2, the experimen-
tal results indicated that for the FCC particles the formation

probability distribution of the local voidage shows nonlin-
earity, which indicates nonlinear gas—solid distribution in
the fluidized beds. The results also show the complex evo-
lution of the probability density function with increasing

and motion of the bubbles have less effect on the voidage ofUg for both FCC and sand particles. The same phenom-

the emulsion phase and the minimum voidage in the emul-

ena has been observed for MgO particlels=120um)

sion phase remains almost as that of the saturated emulsion[11]. Fig. 3 gives such evolution of the probability distri-

emf, over a wide range of gas velocities. For the sand par-

bution for the two types of particles atR=0. The cumu-

ticles, however, more gas enters and dilutes the emulsionlative probability distribution curves tend to the higher

phase and the minimum voidage increases feginalmost
linearly with increasindJg, which indicates the increasing

degree of dilution of the emulsion phase. On the other hand,

the maximum voidagesmax, €xhibits the similar trends for
the FCC and sand particles, i.e., rising exponentially with

increasing gas velocity at the beginning and then remain-

local voidage with increasingg as more gas goes into both
the emulsion and bubble phases. It is worth mentioning that
the probability distribution function changes gradually from
bubbling to turbulent fluidization with no abrupt change
at Ug.

Fig. 3 also illustrates that the probability distribution of

ing nearly constant at higher gas velocities, as illustrated in the local voidage for the FCC particles is different from
Fig. 2. For the sand particles, bubbles seem to be very closethat of the sand particles, even if they both have equal

to the pure bubbles at highelg, while for the FCC particles

time-averaged voidages. The former has high probability

emax IS considerably lower than unity due to the presence of at and nearby the saturation valegs, while the latter has
more particles in the bubbles, as also shown in Fig. 2. Suchvery low probability in this region. The emulsion phase

changes iremin andemax With Ug can be expressed as
(12)
emax=Kmax(co) — kmaxt) €XP[— (Ug — Umf)/ kmax2)] (13)

where ((min, kmax(oo)y kmax(l)a kmax(z))Z(O, 0.97, 0.189,
0.115) for the FCC particles, andtnin, Kmaxoo): Kmax1),
Kmax2))=(0.034, 1, 0.045, 0.64) for the sand particles, at
r/R=0. As shown in Fig. 2, the experimental data indicate
that the radial position influences the gas—solid distribution.
At r/R=0, the bubble phase showed the highggix, and

emin = emf + kmin(Ug — Um¢)

the emulsion phase was more diluted for the sand parti-

strongly shows to be close to the saturated emulsion for
the FCC particles, while in the case of the sand particles,
the emulsion is far from the saturated state due to the
larger amount of the gas entered this phase, as shown in
Fig. 3(a) and (b). Therefore, for different fluidized mate-
rials, the effect of the gas flow on the emulsion phase is
different, their complex two-phase structure behave differ-
ently, with different dominant mechanisms for the gas—solid
interaction.
The probability distribution of the local voidage and its

evolution also depends on the radial position for both par-
ticles, as shown in Fig. 4. The evolution of the probability

cles, while no significant change was observed for the FCC distribution function occurs to a greater extent on the bed

particles.
4.2. Probability distribution function
In order to study the gas—solid distribution of the bub-

ble and emulsion phases, the probability distribution of the
local voidage fromems to 1 was cumulated according to

core compared to that near the wall for the same gas ve-
locity. Most runs show the highest cumulative probability
near the wall and the lowest @R=0, since more gas flows
through the center of the bed than close to the wall. The
gas-solid distribution greatly depends on the gas velocity,
the bed position and the particle properties, which indicates
the complexity of quantifying the dynamic behavior of the

the method described by Egs. (5)—(8). It was found that the gas and solids in fluidized bed.
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Fig. 3. Evolution of the probability distribution function of the local voidage with at r/R=0: (a) FCC; (b) sand.

4.3. Probability density function increasing the probability density of the bubble phase. The
average peak voidage of the emulsion phase is found to be
The probability density function of the local voidage, equalor close tems for FCC particle and~0.55 (>em¢) for
pr(e), as expressed in Egs. (5)—(10), was further analyzed tothe sand particles and the average peak voidage of the bubble
quantitatively explain the gas—solid distribution and its de- phase was found to kex0.85 for FCC particles ang0.95
pendence on both the operating conditions and particle prop-for the sand particles atR=0, as shown in Fig. 5(a) and (b).
erties. This is allowed for exploring the dynamic behavior ~ Such a probability density function and its evolution also
of the bubble and emulsion phases. It was found that the lo-depends on the radial position for both particles tested, as
cal voidage fronems to 1 exhibits a double-peak probability shownin Fig. 6(al) and (a2)/R=0 and%). The peak for the
density function for both particles tested, one peak for the emulsion decreases gradually and the peak for the bubbles
emulsion phase and another peak for the bubble phase. Théncreases gradually from the wall to the core at the same
double-peak probability density curve changes upon increas-gas velocity. Furthermore, the same observation still applies
ing gas velocitylJg. An increase in the gas velocity resultsin -~ with the same time-averaged voidage in different positions
decreasing the probability density of the emulsion phase andas shown in Fig. 6(b1) and (b2). In this case, the probability
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Fig. 4. Comparison between the probability distribution functions of the local voidage at different radial positions and diffefed, (b1), (c1) FCC;
(a2), (b2), (c2) sand.
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Fig. 5. Change in the probability density function of the local voidage Wighat r/R=0: (a) FCC; (b) sand.

density for the bubbles is lower near the wall than in the bed position in both bubbling and turbulent regimes, which
core. As suggested by the data in Fig. 6, the wall has acould be correlated as

strong effect on the gas—solid distribution in the emulsion
and bubble phases. &div = kdivo + kdiv1(Ug — Umf) (14)

where Kgivo, Kgiv1)=(0.548, 0.027) for the FCC particles

4.4. Quantification of the probability density function and Kgivo, Kgiv1)=(0.815, 0.029) for the sand particles at
r/R=0. The division between two phases is different for
Although the gas—solid distribution showed the double- different particles.
peak probability density function, the density function cor- By using such a divisionsgy, for both FCC and sand
responding to the two phases are continuous for both theparticles the probability density function of the local voidage
particles tested. In order to describe such a gas—solid dis-of the emulsion phase and that of the bubble phase could be
tribution with the two-peak density function, the minimum found to satisfy the beta distribution under various operating
probability method was introduced to determine the division conditions. The complex double-peak probability density of
(eqiv) between the emulsion phase and the bubble phase, i.e.the local voidage fronems to 1 and its change could be
to take the local voidage point with the minimum probabil- quantified by the density function of a particular distribution,
ity density between the two peaks as the division. The di- called the coupled beta distribution. This density function
vision, eqjy, was found to change with gas velocity and the can be obtained by coupling two beta probability density
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Fig. 6. Comparison between the probability density functions of the local voidage at different radial positions: (al), (b1) FCC; (a2), (b2))séa®); (al
for the samely; (b1), (b2) for the same time-averaged voidage.
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functions, one for the emulsion phase and another for theﬁb _

bubble phase, i.e., in Eqg. (10), taking

g%~1(1 — g)Po—t

ry(e) =
Pro) = ap, i)
x (beta probability density function (15)
proe) = oG
)=——-—"—
e B(ae, Be)
x (beta probability density functign (16)
Thus
g% (1 — g)fel
re)=f———~ 4+ (1—
pre) = f B(co. fo) a1-=5
ap—1c1 _ )Po—1
%, emf <e<1
B(aw, Pb)
x (coupled beta probability density functipn
17)
where
I ()T (Bk) .
B(ay, =————, (k=eb) (beta functio
(ks Br) T(ar + fo) ( ) ( n

(18)

o
F(;):/ e ¥dx, t>0 (gamma function (19)
0

F=2"°  (emulsion phase fraction (20)
Ep — €e
1-—
e = €e [M — 1:| (21)
Oe¢
ge(l— &e)
Be = (1— ze) [e—ze - 1} (22)
Oe
1-—
ap = &p [M — l] (23)
ob
FCC, tR=0
107 10
W@ | sy
N L*s v7]
S 08{ 0.8
|
2

(1— ep) [8*’(1—2%) - 1} (24)
Ob

where ¢ and o are the mean and variance of the beta

distribution for the voidage fluctuations in the emulsion

phase andp andoy, are the mean and variance of the beta

distribution of the voidage fluctuations in the bubble phase,

estimates of which may be given as

1 mi 1 mo
ge = —) Eei)s Eh=—) ép (25)
e ml; e mz; )
mq
Oe = Z(Ee(i) - €e)2,
N 13
1 &
O = > (enj) — )2 (26)
my — 14—
N =

Figs. 7 and 8 show part of the experimental results
achieved with two different particles. The voidage fluctua-
tions, both in the emulsion phase and in the bubble phase,
change with operating conditions. By increasidg in a
moderate range, gradual increase is observed in the bub-
ble phase fraction &f), the time-averaged voidage, the
mean voidage of each phasg,(ep), the mean variance,
the variance for emulsion phase, and the variance for
bubble phasep, due to the stronger action of the gas. At
higher gas velocities, though, these variables remain con-
stant in the bed core, as shown in Fig. 7. It can be seen from
Figs. 7 and 8 that the two types of the particles provide
different voidage fluctuations in the two phases. All these
phenomena can be correlated with the operating conditions
as follows:

f=Ara +Ar2expl— (Ug— Unt)/Ar3) (27)
eb=Avoid-b(1) +Avoid-b2) EXP[—(Ug—Umt)/ Avoid-b3)] (28)

ge=Avoid-e(1) +Avoid-e(2) €XP[~(Ug—Umt)/ Avoid-e3)] (29)

1.0
o 0.8
& <
8
S Lo.6
04 - : . 04
00 U, 05 1.0 15 20

Ug (mv/s)

Fig. 7. Change in the emulsion phase fraction, the time-averaged voidage, and the mean voidages of the bubble phase and the emulsiobphase with

at r/R=0: (a) FCC; (b) sand.
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Fig. 8. Change in the mean variance of voidage fluctuations, and the variances of voidage fluctuations in the emulsion phase and the bubble phase w
Ug at r/R=0: (a) FCC; (b) sand.

ﬁzlevaﬁues of parameters in Eqgs. (27)—(34R&0) f= (Af0<1) T AfO(Z)(Ug B Umf))fo (32)

FCC Sand where atr/R=0, for the FCC particlesAyro1), Aro@)=
A 0 0.466 (0.95, 1.17), and for the sand particlek 1), Aro@)=
Ara 1.00 0.534 _(1.29, 0). Sincéro2=0 for sand, the dense pha_se fracﬂ_on
Ar3) 0.62 0.413 is proportional to the assumed saturated emulsion fraction.
Avoid-b(1) 0.784 1.0 By using estimated values ffxe, Be, ap, andpy, obtained
Avoid-b(2) —0.139 —0.146 from Egs. (20)—(24) and the corresponding correlations of
ﬁzc’i“'b@ gﬂg g'ggg the mean voidage and the variance in the two phases, the
Av:t;g 0116 —0.017 probability density of the local voidage was simulated with
Avar-b(3) 0.047 1.57 the density function described by Eq. (17). Fig. 9 gives the
Avoid-e(1) emf £mf+0.20 comparison between the simulated results with the corre-
Avoid-e(2) 0.00061 —0.059 sponding experimental data. The chi-squaré) (statistical
Avoid-e) —~0.262 0.429 test [21] shows a good agreement between the simulated and
Avar-e(1) 0.025 0.086 . o ;
Avar-o2) ~0.02 —0.0408 the experimental data. Therefore, the probability density of
Avar-e(3) 0.152 0.074 the local voidage fronz, to 1 for both the FCC and sand

particles and its changes with operating conditions can be
described and simulated effectively by the density function

of the so-called coupled beta distribution.
ob=Avar-b1)+Avar-b2) €XP[—(Ug—Ums)/Avar-b(3)] (30) P

0e=Avar-e(1)+Avar-e2) €XP[— (Ug—Unf)/Avare]  (31) 4.5. Transition from bubbling to turbulent regime

Table 2 gives the values of the parameters in the above Fig. 10 shows the simulated evolution of the probability
correlation ar/R=0. The relation between the dense phase density function of the local voidage &R=0, as described
fraction and the saturated emulsion phase fraction from sim- by Eq. (17). It can be seen from Fig. 10 that the probability
ple two-phase model, described by Eq. (4), was found as density of the bubble phase becomes higher and that of the

FCC, Ug04m/s Sand, Ug=1.0 n¥s
10 5
» Experiment »  Experiment
81 a) 44
Z : @ —— Simulation P : ® — Simulation
g ¢ g3
Z & |
% 4 % 2
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Fig. 9. Comparison between experimental and simulated probability density functions of the local voi&agd.(
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Fig. 10. Simulated probability density function of the local voidage and its change with gas veldBi#y0( dash line: bubbling regime, solid line:

turbulent regime).

dense phase becomes lower with increasiigglt can also

for each particle type.

which suggests that beyond, the excess gas enters and

increasing the bubble phase fraction.

tent of the bubbles and the bubble phase becomes more

density of the emulsion phase does not show significant
be concluded from this figure that the gas-solid distribution difference in the turbulent regime, which suggests that at
evolves gradually from bubbling to turbulent regime. Nev- superficial gas velocities higher thas, the excess gas
ertheless, two different states of gas-solid distribution can enters the bubble phase and increases the bubble phase
be observed in these regimes and this difference is distinctfraction rather than entering and diluting the emulsion.

The change in the state of the emulsion and bubble phases
In the case of FCC particles (Fig. 10(a)), the fraction of is more explicitly shown in Fig. 11(a) and (b) for FCC
the emulsion phase reduces upon increasing the gas velocand sand particles, respectively. Fig. 11(a) demonstrates the

ity. However, in the bubbling regime the maximum density change in the probability of the local voidage-em; for
appears atmi, while in the turbulent regime an apparent FCC particles and shows that the probability of the emulsion
change in the shape of the probability density function can being at its saturation state=teny) is very high at low gas
be observed and the maximum density gradually departsvelocities and constantly decreases upon increasing the gas
from e and the saturated emulsion tends to disappear duevelocity. At superficial gas velocities neldg, this probabil-
to more intensive action of gas. Moreover, the probability ity is very close to zero, which indicates that the saturation
density of the bubble phase in fluidized FCC particles does emulsion almost diminishes at the transition from bubbling
not exhibit considerable difference in the turbulent regime to turbulent. Fig. 11(b) shows the change in the probabil-
ity of the local voidage=1 for sand particles and indicates
dilutes the emulsion rather than forming more bubbles and that pure bubbles=1) does not exist at low gas velocities.
However, at superficial gas velocity nedy, the pure bubble

In the case of sand particles (Fig. 10(b)), increasing the begins to occur and its probability increases upon increasing
superficial gas velocity results in decreasing the solid con- the gas velocity.

dilute. This, of course, means larger gas core in bubbles of4.6. Spatiotemporal gas—solid distribution
a bed of sand particles. Upon approachitg the bubble
phase displays noticeable change in its probability density. According to Egs. (11) and (17), the spatiotemporal gas—
solid distribution between the two phases was statisti-

With increasing the gas velocity beyokd, the probability

density of the pure bubbles£1) gradually rises and the
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cally described and simulated by the dependence of the
voidage of the maximum probability density of the bub- local voidage on the coordinate from the ideal center
ble phase approaches unity. Furthermore, the probability of the emulsion phase element to the ideal center of its
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Fig. 11. Changes in the probability of the local voidagesm for the FCC particles and of the local voidage1 for the sand particles.
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Fig. 12. Spatiotemporal voidage distribution between two centers of an emulsion phase element and its neighboring bubble phase at/Rm6}cale (

neighboring bubble, i.e., in the vectdf = {(0, emin), enters the bubble at a rate higher than the particles, result-
A/n, e1), ...,/ /n, &), ..., emaw}, (emf, 1) should be ing in an overall more dilute bubble phase at higher gas
replaced with £min, emax)- Fig. 12 shows the dependence velocities.

of the local voidages; on the time coordinateign and the The probability distribution function showed gradual

influence of the gas velocity atR=0 for the FCC and sand  evolution with superficial gas velocity, suggesting that there
particles. It also indicates a considerable difference in the is no abrupt change in the two-phase flow structure in tran-
gas-solid distribution and two-phase flow structures (the sition from bubbling to turbulent fluidization. However, in
bubble structure and the emulsion structure), suggestingthe case of FCC particles, the gas mostly enters and dilutes
different dominant mechanisms influencing the gas—solid the emulsion phase constantly at velocities higher than
interactions for different particles. Such analysis also gives For the sand particles, increasing the gas velocity beyond
an experimental support to the model proposed by Gilbert- U; results in forming more pure bubbles. The probability
son and Yates [9], i.e., inertia allows some particles to distribution function also showed a strong dependency on
penetrate into bubbles and the extent of the penetrationthe radial position and particle type. By using the minimum
is influenced by the particle properties. Different particles probability method to identify the division between the
result in different bubble structures. emulsion and bubble phases, the voidage fluctuations of the
The above description of the probability distribution of two phases were found to follow beta distribution, and the
the local voidage and the spatiotemporal gas—solid distribu- probability density function of the local voidage frosms
tion can contribute to further quantitative characterization of to 1 and its complex evolution from bubbling to turbulent
the gas—solid interaction, mass transfer and reaction rates irfluidization regime could be effectively described and sim-
fluidized beds. ulated by the coupled beta distribution. Such quantification
further introduced statistically the spatiotemporal gas—solid

. distribution of the two-phase flow structure at timescale.
5. Conclusion

A probability distribution model of the local voidage was
developed to describe and simulate the gas—solid distribu-6. Nomenclature
tion in the fluidized bed reactors. The two different parti-

cles tested (FCC and sand) exhibited considerably differentAy parameter of Eq. (27)=1, 2, 3
dynamic gas—solid distributions and two-phase flow struc- Ao parameter of Eq. (32)=1, 2

tures, implying different dominant mechanisms ruling their Ayar-b(i) parameter of Eq. (30)=1, 2, 3
gas-solid interactions. For FCC particles, the voidage of the Avar-e() parameter of Eq. (31)=1, 2, 3
emulsion phase with the highest probability is close g Avid-bi)  Pparameter of Eq. (28)=1, 2, 3

in bubbling regime, increasing gradually in the turbulent Avoid-eiy  parameter of Eq. (29)=1, 2, 3

regime due to more intensive action of gas. However, for dp average particle diameteyifn)

the sand particles this voidage of the emulsion phase differsf dense phase (emulsion phase) fraction
greatly fromems. The bubble phase becomes more dilute at f© emulsion phase fraction in simple two-phase
higherUg, and the probability of the pure bubble increase model

gradually in turbulent regime. It is worth mentioning that Kkgivo parameter of Eq. (14)

this conclusion does not mean that less solid particles enterkyiy 1 parameter of Eq. (14)

the bubbles at higher superficial gas velocities, but indicateskmax) parameter of Eq. (13)

that the pure gas region in the center of the bubble grows kmax2) parameter of Eq. (13)
larger with increasing gas velocity. In this case, the gas kmaxoo) parameter of Eq. (13)
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Kmin parameter of Eq. (12)

my number of samples for emulsion phase

nmp number of samples for bubble phase

n number of scopes of equality probability
in total

PP(e) probability distribution function of local
voidages for the two extreme phases

Pro2(e) probability distribution function of local

voidages for pure bubble phase
Prl(e) probability distribution function of local
voidages for saturated emulsion phase

Pr(e) probability distribution function of local
voidages for the two phases

Pry(e) probability distribution function of local
voidages for dynamic bubble phase

Pre(e) probability distribution function of local
voidages for dynamic emulsion phase

pr(s) probability density function of local
voidages for the two phases

Pro(e) probability density function of local
voidages for dynamic bubble phase

pre(e) probability density function of local voidages
for dynamic emulsion phase

r'R dimensionless radius of bed

Uc transition superficial gas velocity from
bubbling to turbulent fluidization (m/s)

Ug superficial gas velocity (m/s)

Ums minimum fluidization gas velocity
(m/s, 0.003 m/s for FCC; 0.24 m/s for sand)

Y vector of voidages and positions

Greek symbols

o; parameter in beta distributionse, b

Bi parameter in beta distributionse, b

& local voidage fromeps to 1

£p mean voidage of bubble phase

Ediv division of local voidage between bubble
phase and emulsion phase

e mean voidage of emulsion phase

& local voidage corresponding to time coordinate

i/n between two centers
Emax maximum local voidage

Emf minimum fluidization voidage (0.45 for FCC;
0.42 for sand)

Emin minimum local voidage

&y time-averaged voidage at an arbitrary
radial position

Pp particle density (kg/rf)

Ob variance of voidage fluctuations in
bubble phase

Oe variance of voidage fluctuations in

emulsion phase

Subscripts
b bubble phase
e emulsion phase
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