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An intrusive bioptical probe provides radial profiles of the PDF (probability density
function) of the bubble, the cloud, and the emulsion phases behaviors in a fluidized
bed of Geldart-A particles. The fluidizing velocity ranges between 0.20 and 0.80 m/s.
The bed porosity, the overall averaged bubble chords and velocities are well-predicted
by correlations of the literature. The cloud thickness is closely related to the bubble
chord. The amount of gas traveling through the bubble phase never exceeds 15-20%
of the total gas flow rate. The averaged porosity of the bubble, the cloud and the emul-
sion phases is of 88-92%, 65-70%, and 50-55%, respectively. The reduced bubble po-
rosity distribution obeys a constant normal law over the fluidizing velocity range. Each
distribution of the reduced bubble chord and velocity, and of the reduced cloud thick-
ness obey a constant log normal law over the fluidizing velocity range. © 2007 American
Institute of Chemical Engineers AIChE J, 54: 406-414, 2008
Keywords: fluidization, experiments, particle, optical probe, bubble, cloud, emulsion
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Introduction

The description of the local behaviors of bubbling gas-par-
ticle fluidized beds is of great interest for industrial process
design, scale-up and troubleshooting. The regeneration zone
of the fluid catalytic cracking process (Figure 1) where par-
ticles of 70 pum in diameter with a density of 1500 kg/m3 are
fluidized at 700°C and 1 barg with a superficial velocity
lower than 1.0 m/s is one of the industrial applications of
concern. Note that the superficial velocity sometimes reaches
values higher than 1.0 m/s in such regeneration zone depend-
ing on its operating conditions. However, this topic is not
studied in the present paper since such fluidized beds pertain
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to the turbulent regime for which the concept of bubbles is
not relevant.

The state of the art of fluidized beds under different oper-
ating conditions in terms of fluidizing velocity, temperature,
and pressure has been widely reviewed these last years.l’2
However, important questions remain regarding the behavior
of the local structures whether they pertain to the dense
phase, the cloud phase or the bubble phase. Indeed, the
description of gas-particle fluidized bed hydrodynamics usu-
ally states the coexistence of two sharply distinctive phases:
the particle free spherical bubble phase, and the homogene-
ous and viscous dense emulsion phase made of particles
close to the minimum fluidizing condition state.® This elegant
description of the hydrodynamics had led to the well-admit-
ted successful two-phase modeling4 widely used to simulate
different types of fluidized bed reactors. However, the bound-
ary between the bubble phase and the emulsion phase is
obviously not so straightforward: the local porosity may
increase progressively from a value a little bit higher than
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process (Axens-IFP-Stone and Webster
Inc.-Total technology).

the minimum fluidizing porosity measured in the emulsion
phatse5 up to a value close to 1 measured in the center of
each bubble.®® Therefore, a local porosity threshold must be
used to differentiate the bubble from the emulsion phase and
to study each phase. A rigorous method has ever been pro-
posed®'® to determine this threshold using a bi-optical probe
which provides the probability density function of the voltage
signals related to the local amount of particles in front of the
probe. The local porosity was not reported but the basis of
the signal processing method may have lead to high solid
concentration assessments in the bubble phase that were not
consistent with two-phase model assumptions. Andreux
et al.'' improved this threshold determination method and
used a bi-optical probe calibrated to provide the local poros-
ity in addition to the bubble chord, velocity, and local poros-
ity. Bubble chord and velocity in a sand particle fluidized
bed operating in the bubbling regime were consistent with
the Darton et al.'? and the Davidson and Harrison® correla-
tions while the bubble phase and the emulsion phase poros-
ities were 95 and 70%, respectively, that are not consistent
with two-phase model assumptions. In a bubbling fluidized
bed of different sand particles using a single optical probe,
Cui et al.'? also found that the porosities of the bubble phase
and the emulsion phase were of 90-95% and 60-65%,
respectively. No bubbling properties were assessed since a
single optical probe was used. In contrast, Kai et al.'* used a
bi-optical probe to provide the bubble velocity under various
fluidizing conditions while the bubble chord was calculated
combining the measured bubble velocity and the Davidson
and Harrison’s correlation, i.e., assuming particle free bub-
bles and emulsion phase under minimum fluidizing state con-
dition. The resulting calculated bubble chord was unrealisti-
cally 50% higher than the column diameter while no slug-
ging was reported.

All these experiments imply the inadequacy of the stated
assumptions of the standard two-phase models regarding the
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bubble and the emulsion phases over the fluidizing regimes.
However, these assumptions are either modified or used as
they are to model gas-particle reacting fluidized beds, what
is sometimes confusing: for example, the fluidized bed of the
polyethylene process has ever been simulated with a two-
phase model considering non empty bubbles'® and with a
three-phase model considering empty bubbles and the cloud
phase.lfklg

Unfortunately, the cloud phase behaviors and the bubble
phase porosity have been exceptionally discussed in the bub-
bling and turbulent fluidized bed experimental literature. The
same deficiency is usually observed in the rising fluidized
bed numerical literature started by Ding and Gidaspow,'”
whether the formalism is eulerian,”*>* or lagrangian.>>’
Visualization is often the major way to describe the hydrody-
namics of the bubbles.

In the present work, a method is proposed to assess the
full properties of all three phases in a fluidized bed of
Geldart-A particles using the bi-optical probe technique:

e bubble phase: chord, velocity, and porosity time-aver-
aged values and probability functions.

e cloud phase: thickness and porosity time-averaged val-
ues and probability functions.

e emulsion phase: porosity, time-averaged fraction, and
interstitial gas velocity.

A mathematical formulation of the found trends is pro-
posed.

Experimental Set-Up

The experiments were carried out in a 3D cold air-fluid-
ized bed 200 mm in diameter and 1.5 m high with solids
returned to freeboard region. Air (p = 1.2 kg/m3, nw=18X
10~ Pa s) was introduced through a nozzle type distributor
placed above a porous plate providing high pressure drop.
Typical Geldart-A particles (p, = 1700 kg/m3, d, = 70 pm)
were fluidized between 0.20 and 0.80 m/s. The static height
of the bed is 30 cm.

The local instantaneous hydrodynamics were measured at
30 cm above the distributor with a bi-optical probe of 3 mm
in diameter (Figure 2). The two measurement volumes were
1 mm?® and 1.8 mm apart. Data were acquired with a sam-
pling velocity of 15.630 Hz over 202 s. The local instantane-
ous voidages are obtained with a preliminary calibration of
the optical signals provided by the probe.

Light transmitter 2

Light receiver 2

_-Light transmitter 1

Tiht receiver 1

Figure 2. Sketch of the bi-optical probe positionned in
the vicinity of the gas-particle fluidized bed
flow.
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Signal Processing
Preliminary considerations

The proposed method provides:

e The chord.

The velocity, U, and the porosity, &,, of each bubble.
The thickness, T., and the porosity, ¢., of each cloud.
The averaged porosity, €., of the emulsion phase.

The averaged gas flow rate through each phase.

Detailing the method

Two neighbored local transient porosity
required. Typical signals are shown in Figure 3.

Step 1: Bubble and Cloud Detection. A bubble is
detected if the local instantaneous porosity exceeds 95%, as
reported in the Refs. 6,8,28.

A cloud is detected over a time period if the local instanta-
neous porosity exceeds a value higher than the preassumed
emulsion porosity, typically 55%, and if a bubble is detected.
The bubble and cloud structure is confirmed if the cross-cor-
relation coefficient between the top probe and the bottom
probe signals is higher than 0.9 during this time period.

Step 2: Determination of the Emulsion-Cloud, &,_., and
Cloud-Bubble Thresholds, &.—,. Plotting the cumulative
probability function of the local porosity, a dense phase and a
dilute phase are observed in the fluidized bed, as previously
found in the literature of gas-particle fluidized beds.” 1328 The
porosity thresholds between the emulsion and the cloud phases,
€.—c, and between the cloud and the bubble phases, &._,, are
determined as shown in Figure 4. Note that alternate defini-
tions of the thresholds are possible. However, we observed
that the sensitivity of the measurements to the thresholds is
relatively low with our definition, what is not true with
others. We preferred to report this “standard” thresholds
method determination, which may be the most relevant based
on our experience, and which leads to time-averaged values
what are consistent with well-admitted correlations, as
reported later.

Step 3: Determination of the Phases Behaviors. The
averaged porosity and the fraction of the emulsion phase, &,
and 9, are:

J o dr

,6<E,

signals are

| edt

L te<e,

T a0 Tdr
t

[

0 0.2 0.4 06 0.8 1 1.2 1.4
t(s)

Figure 3. Typical signal to be processed.
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Figure 4. Thresholds determination using the distribu-
tion of the local voidage acquired with the
bi-optical probe.

where ¢ is the local instantaneous porosity, dt is the time
step of acquisition.

The averaged porosity and the fraction of the cloud phase,
& and 0., are:

S e.dt Ik dt

L tee<e<ép e <E<Ee_p
& = y Oc = ~
|t [ dr
1o o <E<Ec_) t

The averaged porosity and the fraction of the bubble
phase, &, and J,, are:

[ edt S dr
o Meb<t  gn Dheb<E
b [ [ dr
te_p<é t

The chord and the velocity of each detected bubble, D,
and U,, is determined using Fast Fourier Transform over the
time period identified in step 1. One should refer to Bayle
et al.'® for more details. A similar treatment is used to deter-
mine the thickness of each detected cloud, T..

The averaged bed porosity, %, is:

The time-averaged amount of gas through the bubble and
the cloud phases, 7, ;, and 7, ., are given by:

Nep = & Up0p

ng.(: = 8(‘Uz:57(‘

Then, the time-averaged amount of gas through the emul-
sion, Mges is given by:

Nge = U =Tgp = Mg
where Uy is the fluidizing velocity.
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Figure 5. Radial profiles of the time-averaged local po-
rosity at 30 cm above the distributor (0.2 m/s
M, 0.3 m/s ¢, 0.4 m/s A, 0.5 m/s @, 0.6 m/s
0, 0.7 m/s &, 0.8 m/s A).

Effect of the fluidizing velocity, Uy.

The superficial gas velocity through the emulsion phase,

U,, is given by:

1—0p — 0,

Results Description

A quite homogeneous radial profile of local bed porosity
is observed at the lowest fluidizing velocity (Figure 5). A
core-annulus structure appears when increasing the fluidizing
velocity: the local porosity is nearly constant at the wall (55—
60%) while it increases in the center region of the column.
The maximum value is measured at 7 cm to the wall and not
in the center point. However, the overall porosity on the bed
section is quite unchanged when the fluidizing velocity is
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Figure 6. Time-averaged local porosity at 30 cm above
the distributor at different radial position
(3 cm to the wall ¢, 5 cm to the wall A,
center position ®, 7 cm to the wall [, 9 cm
to the wall ¢).

Comparison between the overall time-average porosity of
the porosity (M) and the correlation of King, 1989 (—).
Effect of the fluidizing velocity, Uy.
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Figure 7. Radial profiles of the standard deviation of
the local porosity at 30 cm above the distribu-
tor (0.2 m/s B, 0.3 m/s ¢, 0.4 m/s A, 0.5 m/s
®, 0.6 m/s [, 0.7 m/s <, 0.8 m/s A).

Effect of the fluidizing velocity, Uy.

higher than 0.4 m/s. It is well-predicted by the correlation of
King® (Figure 6):

where & is the bed porosity and U the fluidizing velocity.
The lowest standard deviation values of the local porosity
measured in the annulus of the bed suggest a smoother fluid-
ization phenomenon of this region compared to the core
region (Figure 7). It is confirmed by the radial profiles of the
bubble and the emulsion phases hold-up that show that all
the bubbles travel in the core region of the bed and that the
near-wall region is only occupied by the emulsion phase
(Figure 8). However, most of the bubble phase is found in
the intermediary region characterized by the highest local po-
rosity previously mentioned, and not in the centerline of the
bed, perhaps because of a structure like the one described by
Werther and Molerus®® appearing. Increasing the fluidizing

ezEE88E
B, (em’im’)

0.8 1

rR )

Figure 8. Radial profiles of the emulsion and bubble
phases fraction at 30 cm above the distribu-
tor (0.2 m/s B, 0.3 m/s ¢, 0.4 m/s A, 0.5 m/s
®, 0.6 m/s [1, 0.7 m/s ¢, 0.8 m/s A).

Effect of the fluidizing velocity, Uy.
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Figure 9. Radial profiles of the time-averaged bubble
velocity and chord at 30 cm above the dis-
tributor (0.2 m/s &, 0.3 m/s ¢, 0.4 m/s A, 0.5
m/s @, 0.6 m/s [, 0.7 m/s &, 0.8 m/s A).

Effect of the fluidizing velocity, Uy

velocity makes the bubble phase fraction increase equally
along the radius of the bed. The time-averaged values of the
bubble velocity and bubble chord are nearly constant along
the radius of the bed (Figure 9). The radial trends of the
cloud phase averaged thickness and hold-up are similar to
the radial trends of the bubble phase averaged chord and
hold-up (Figure 10), what can be explained if each bubble is
accompanied by a cloud and if the size of each cloud is
directly related to the size of the corresponding bubble. The
averaged porosities of the bubble, the cloud, and the emul-
sion phases are nearly constant along the radial profiles what-
ever the range of fluidizing velocity is, and equal to 88-92%,
65-70%, and 50-55%, respectively (Figure 11).

The time-averaged overall bubble chord increases from 4
to 5.5 cm when the fluidizing velocity increases from 0.2 to
0.8 m/s (Figure 12). It is well-predicted by the correlation of
Mori and Wen®' in spite of a small overestimation of the
effect of the fluidizing velocity. The ratio between the time-
averaged overall cloud thickness and bubble chord remains

0.025

0.02
0,015
0o
0,005

Ty (m)

0.8 1

riR ()

Figure 10. Radial profiles of the fraction and the time-
averaged thickness of the cloud phase at
30 cm above the distributor (0.2 m/s N,
0.3m/s ¢,04m/s A,0.5m/s @ 0.6 m/s [,
0.7 m/s &, 0.8 m/s A).

Effect of the fluidizing velocity, Uy.
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Figure 11. Radial profiles of the emulsion, the cloud,
and the bubble phases time-averaged po-
rosity, &, &, &, at 30 cm above the distribu-
tor (0.2 m/s &, 0.3 m/s ¢, 0.4 m/s A, 0.5 m/s
®, 0.6 m/s [, 0.7 m/s <, 0.8 m/s A).

Effect of the fluidizing velocity, Uy

constant and equal to 27% over the range of fluidizing veloc-
ities. Surprisingly, the fluidizing velocity has low effect on
the time-averaged overall bubble velocity. This observation
implies that the added gas is not only going into the bubble
phase but in either the cloud phase or the emulsion phase
when increasing the fluidizing velocity. Experiments show
that the amount of gas traveling in the bubble phase quickly
reaches a constant value of 15-20% of the total gas flow rate
when increasing the fluidizing velocity above 0.2 m/s (Figure
13). Simultaneously, the amount of gas through the cloud
phase is divided by three, from 24% to 8% of the total flow
rate, what explains the simultaneous increasing of the amount
of gas through the emulsion phase from 60 to 80% of the
total gas flow rate. The resulting superficial gas velocity in
the emulsion phase increases exponentially and is always far
higher than the minimum fluidizing velocity, U, (Figure
14). These results do not agree with two-phase model
assumptions. However, such trends have ever been observed

150
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0.00 0.1
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Figure 12. Time-averaged overall bubble velocity and
chord, U, (¢) and D, (M), and overall cloud
thickness, T, (®), at 30 cm above the dis-
tributor.

Comparison to the correlation of Davidson-Harrison,
1963 (—) and Mori and Wen, 1976 (— — —). Effect of the
fluidizing velocity, Uy
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Figure 13. Fraction of the total gas mass flux through
the emulsion-phase, y,. (H), the cloud-
phase, 14, (#), and the bubble-phase, 1,
(A) at 30 cm above the distributor.
Effect of the fluidizing velocity, Uy.

with Geldart-B particles for fluidizing velocities higher than
half of the bubbling to turbulent regime transition criterion,
U.,, under which U, = Uy was found."!

The amount of bed included in the cloud phase, J, is
always of the order of 10% while the amount of bed
included in the bubble phase slowly increases linearly:

over the fluidizing velocity range (Figure 15). The amount of
fluidized bed included in the emulsion phase, J,, decreases when
increasing the fluidizing velocity and reaches a constant mini-
mum value of 75% for fluidizing velocities higher than 0.5 m/s.

The averaged cloud thickness is related to the averaged
chord of the bubble phase. Indeed, it roughly equals 27% of
the averaged bubble chord over the fluidizing velocity range
(Figure 16). Such behavior is half of the experimental data
on single rising three-dimensional bubbles,*” with values of
the order of 0.5-0.7. Thus, the cloud-phase theory deter-
mined at low fluidizing velocity or considering a single rising
bubble can not be straightly extrapolated to the bubbling and
turbulent fluidization regimes.

The normalized standard deviations of the bubble porosity,
o(ep) /€, the bubble chord, a(Dj) /Dﬁ,, the bubble velocity,
o(Up) /Uy, and the cloud thickness, o(T.)/T,, are constant

1.00

0.80

U, (m/s}

0.40

0.20 -

0.00 T T T T
0.00 0.20 0.40 0.60 0.80 1.00
U; (m/s)

Figure 14. Superficial gas velocity in the emulsion, Us,.
Effect of the fluidizing velocity, U
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Figure 15. Fraction of the emulsion, 5. (M), the cloud,
d¢c (#), and the bubble, 5., phases (4).

Effect of the fluidizing velocity, Uy

over the fluidizing velocity range: 23, 90, 70, and 80%,
respectively (Figures 17 and 18). Thus, the dispersion of the
bubbling behaviors is quite high. Consequently, using the
averaged values may sometimes not be sufficient to model
the bubbling phenomenon of reacting fluidized beds.
Fortunately, the present work shows that the reduced proba-
bility function of each bubbling behavior can be modeled as a
constant probability function over the fluidizing velocity range:
e The reduced probability distributions of the bubble po-
rosity, (&, — &,)/0(es), obey a single normal law (Figure 19).
e Each reduced probability distribution of the bubble ve-
locity, (U, —Uy)/a(U,), the bubble chord, (D, —D,)/
a(Dy), and the cloud thickness, (TL. - TL) / a(T.), obey a sin-
gle lognormal law (Figures 20-22).
Furthermore, the porosity of the cloud-phase can be consid-
ered as constant since its standard deviation is always lower
than 3% of the averaged value.

Mathematical formulation of the phase properties

Bubble Phase. The probability function of the bubble ve-
locity is given by a log normal law:

1 1 (InU, — b\’
f(Uh)_a\/EUbexp<_2(n Z >)

0.020
. —
0.015 I,
P =
g |
| o= 0010
0.005
0.000
0.040 0.045 0.050 0.055 0.06¢

Dy (m)

Figure 16. Relationship between the time-averaged
overall cloud thickness, T, and the time-
averaged overall bubble chord, U,,.

DOI 10.1002/aic 411



50
a0
_ 30 +
2 pyg|—— = = = @ = & = 1
£
5 101 T
&
° 0 50
g + 40
1 t30 &
1 t20 &
1 t10 €
* e o, & 4 e ¢ 0
0.00 0.20 0.40 0.60 0.80 1.00
U; (m/s}

Figure 17. Relative standard deviation of the bubble
porosity (H) and cloud porosity (¢).
Effect of the fluidizing velocity, Ux

where the parameters a and b are calculated using the mean
and standard deviation bubble velocity values as:

U, = €h+a2/2
O_(Ub) — 6217+a2 (eaz _ 1)

supplemented with the Davidson and Harrison correlation’
and the results found in this article:

Uy = Up — Uns +0.711\/g.D,
a(Uy) =0.70 X T,

Max amount of gas in the
bubble-phase: 6,e,U, < 0.15U5

The probability function of the bubble chord is given by a
log normal law:

1 1 /InD, — b\>
Dy) = ——exp| —= [ —2—~
IO =, P 2( a )

100
90 1
< 801 [} || 1
Lo n " g = 1
=l =
= 60 * T
2
& 50 . 100 __
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q L] + 90 =~
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Figure 18. Relative standard deviation of the bubble
velocity (H), bubble chord (®), and cloud
thickness (¢).

Effect of the fluidizing velocity, Uy
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Figure 19. Distribution of the reduced bubble porosity
at 30 cm above the distributor.

Normal law (—).

where the parameters ¢ and b are calculated using the mean
and standard deviation bubble velocity values as:

ﬁb _ eb+a2/2
a(Dy) = P+ (e“2 - 1)

supplemented with the Mori-Wen correlation®’ and the
results found in this article:

D; = Dom — (Dom — DT,O)e*O'”’/D’
Dy = 0.0376(Uy — Unt)’, Dom = 0.652(S(Uy — Unr))*”
a(Dy) = 0.90 X D,

The probability function of the bubble porosity is given by
a normal law:

flep) =

m% _% (8:;(;:?)

50
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20 | 1040 m/s {80.50 m/s
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Figure 20. Distribution of the reduced bubble velocity
at 30 cm above the distributor.
Lognormal law (—).
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Figure 21. Distribution of the reduced bubble chord at
30 cm above the distributor.
Log normal law (—).

supplemented with the results found in this article:
e = 90%
a(ep) =023 X g

The bubble phase voidage is function of the fluidizing ve-
locity: o, = 0.2 X Uy

Cloud Phase. The probability function of the cloud thick-
ness is given by a log normal law:

1 1 <ln T, — b>2
av/2nT, P 2 a

f(TL') =

where the parameters a and b are calculated using the mean
and standard deviation cloud thickness values as:

T, = )2
G(T(;) _ 62b+a2 (ea2 _ 1)

supplemented with the results found in this article:

T, =027 X D,
o(T.) = 0.80 X T,

The averaged cloud porosity is constant: . = 67.5%. The
cloud velocity is that of the bubble to which it is attached:
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Figure 22. Distribution of the reduced cloud thickness
at 30 cm above the distributor.
Log normal law (—).
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U. = U, The averaged cloud phase fraction is constant:
0. = 10%.
Emulsion Phase. The averaged emulsion porosity is
equal to the minimum bubbling porosity, &myp. L
The emulsion phase voidage is given by §, = 1 — §;, — J..

Conclusion

Extensive experiments are performed to investigate the
bubbling properties in a fluidized bed of typical Geldart-A
particles using a bi-optical probe.

The probability distributions of the following properties
are assessed:

e The chord, velocity, and porosity of the bubble phase.

e The thickness and porosity of the cloud phase.

The averaged bed and emulsion phase porosity, the frac-
tion of all three phases, the amount of gas, and the interstitial
gas velocity in the emulsion phase are assessed. We observe
the following:

e The averaged bed porosity is well-predicted by King’s
correlation.?

e The averaged bubble chord is well-predicted by the cor-
relation of Mori and Wen.?'!

e The averaged bubble velocity is not well-predicted by
the correlation of Davidson and Harrison® at fluidizing veloc-
ity above 0.2-0.3 m/s.

e The amount of gas traveling through the bubble phase
quickly reaches a constant value of 15-20% of the total gas
flow rate when increasing the fluidizing velocity above
0.2 m/s, what explains the observed bubble velocity ceiling.

e Increasing the fluidizing velocity makes the smaller
clouds be attached to the faster bubbles. Indeed, the amount
of gas traveling through the cloud phase decreases while the
cloud phase fraction and the cloud phase velocity are con-
stant when increasing the fluidizing velocity.

e Bubbles are not free of particles. The averaged porosity
of the bubble phase is of 88-92% over the fluidizing velocity
range.

e The averaged porosity of the cloud and the emulsion
phases are of 65-70% and 50-55%, respectively, over the
fluidizing velocity range.

e The normalized standard deviation values of the bubble
chord and velocity and of the cloud thickness are constant
over the fluidizing velocity range: 23, 90, 70, and 80%,
respectively.

e The reduced bubble porosity distribution obeys a single
normal law over the fluidizing velocity range.

e Each distribution of the reduced bubble chord and ve-
locity, and of the reduced cloud thickness obey a constant
log normal law over the fluidizing velocity range.

e The cloud porosity is mono distributed.

The major modeling implication of our results may be the
accurate predictions of the hydrodynamics behaviors using
the standard two-phase modeling coupled with a Monte-Carlo
probabilistic method supplemented with the correlations we
propose. Such approach could be compared to the Reynolds
decomposition used in fluid dynamics and the theory of tur-
bulence to separate the time-average and time-fluctuating
parts of a quantity, and may be coupled with a chemical
kinetics model to improve industrial fluidized bed reactors
modeling.
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Notation

D,
d,
dt

r
R
T,

U,

U.

= bubble chord (m)

= particle diameter (um)

=time step of the acquired signal (s)

=radial position (m)

= column radius (m)

= cloud thickness (m)

= bubble velocity (m)

= bubbling to turbulent regime transition criterion (m/s)

Uy = fluidizing velocity (m/s)

U = minimum bubbling velocity (m/s)
Upne = minimum fluidizing velocity (m/s)
Greek letters
d,, = fraction of the bubble phase (m*/m>)
0. = fraction of the cloud phase (m*/m?)
d, = fraction of the emulsion phase (m*/m?)
&= local porosity (m*/m?)
&, = porosity of a bubble (m*/m%)
&. = porosity of a cloud (m*/m?)
&, = porosity threshold between the cloud and the bubble phases (m*/m?)
&, = porosity of the emulsion phase (m*/m®)
&._. = porosity threshold between the emulsion and the cloud phases
(m*/m”)
&= porosity of the bed (m*/m?)
&mp = porosity of the bed at minimal bubbling velocity (m*/m?)
&mr = porosity of the bed at minimal fluidizing velocity (m*/m>)
g = amount of gas through a the bubble phase (m/s)
1g, = amount of gas through a the cloud phase (m/s)
1g, = amount of gas through a the emulsion phase (m/s)
1= gas dynamic viscosity (Pa.s)
p = gas density (kg/m®)
pp = particle density (kg/m3)
o(x) = standard deviation of x (dimension of x)
Superscript

= time-averaged value
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