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Abstract

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 m/s 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 emulsion phases is of 88-92 %, 65-70 %
and 50-55 %, respectively. The reduced bubble porosity 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 thickness obey a constant log normal law over the

fluidizing velocity range.
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Introduction

The description of the local behaviors of bubbling gas-particle 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 particles of 70 um in diameter with a
density of 1500 kg/m’ 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 depending on its
operating conditions. However, this topic is not studied in the present paper since such
fluidized beds pertain to the turbulent regime for which the concept of bubbles is not relevant.
The state of the art of fluidized beds under different operating conditions in terms of
fluidizing velocity, temperature and pressure has been widely reviewed these last years .
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 usually states the coexistence of two sharply
distinctive phases: the particle free spherical bubble phase, and the homogeneous 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-admitted successful two-phase

modeling® widely used to simulate different types of fluidized bed reactors. However, the



boundary 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 the minimum fluidizing porosity measured in the emulsion phase’ 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 proposed”'” 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
porosity in addition to the bubble chord, velocity and local porosity. 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-Harrison’ correlations while the bubble phase and the
emulsion phase porosities 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-Harrison's correlation,



i.e. assuming particle free bubbles and emulsion phase under minimum fluidizing state
condition. The resulting calculated bubble chord was unrealistically 50 % higher than the
column diameter while no slugging was reported.

All these experiments imply the inadequacy of the stated assumptions of the standard two-
phase models regarding the 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'®'" ",
Unfortunately, the cloud phase behaviors and the bubble phase porosity have been

exceptionally discussed in the bubbling and turbulent fluidized bed experimental literature.

The same deficiency is usually observed in the rising fluidized bed numerical literature started
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by Ding and Gidaspow'", whether the formalism is eulerian , or lagrangian
Visualization is often the major way to describe the hydrodynamics 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:
- bubble phase : chord, velocity and porosity time-averaged values and probability
functions.
- cloud phase : thickness and porosity time-averaged values and probability

functions.

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



A mathematical formulation of the found trends is proposed.

Experimental set-up

The experiments were carried out in a 3D cold air-fluidized bed 200 mm in diameter and
1.5 m high with solids returned to freeboard region. Air (p=1.2 kg/m’, p=1.8 10” Pa.s) was
introduced through a nozzle type distributor placed above a porous plate providing high
pressure drop. Typical Geldart-A particles (0,=1700 kg/m’, d,=70 um) were fluidized
between 0.20 m/s 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 sampling velocity of 15.630 Hz over 202 s. The
local instantaneous voidages are obtained with a preliminary calibration of the optical signals

provided by the probe.

Signal processing

Preliminary considerations

The proposed method provides:

- The chord, D, , the velocity, ¥, , and the porosity, <, , of each bubble.
- The thickness, 7. , 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 signals are required. Typical signals are shown in

Figure 3.

Step 1: bubble + cloud detection

A bubble is detected if the local instantaneous porosity exceeds 95 %, as reported in the
literature®>**

A cloud is detected over a time period if the local instantaneous porosity exceeds a value
higher than the pre-assumed emulsion porosity, typically 55 %, and if a bubble is detected.

The bubble + cloud structure is confirmed if the cross-correlation 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” """, The porosity thresholds between the emulsion and the cloud phases,

< _. , and between the cloud and the bubble phases, < _, , are determined as shown in

Figure 4. Note that alternate definitions 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 behaviours



The averaged porosity and the fraction of the emulsion phase, < and <, are :

J‘ =dr J‘ dt

= _t’g(é;ﬁ;it ’ 36 _t,£<d€1;j.
7

where €1is the local instantaneous porosity, df is the time step of acquisition.

The averaged porosity and the fraction of the cloud phase, & and <2, are :

o J"f:dt - J"dt
e =, 5c_t,§_t.<£<$_b

J'th T J‘dt

s ===, 7

=

C

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

Edrt d
g _t,é;'.'_!_<s 3 _tz—:;-!-;

J"dt J"dt

& _, <= 7
The chord and the velocity of each detected bubble, £, 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 determine the thickness of each detected cloud,

7

The averaged bed porosity, £ is:

J's.dt
gf :5686 +5L£(‘ +5bgb =~

J'dt

The time-averaged amount of gas through the bubble and the cloud phases, 72, and 72. ,

are given by :

2, =5U,3



7. =U.S

Then, the time-averaged amount of gas through the emulsion, 2. , is given by :

77 . :Uf s 1
where Uy is the fluidizing velocity.

The superficial gas velocity through the emulsion phase, U, , is given by :

i
1-3, —

Uy =1 __'7T

o.
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 higher than 0.4 m/s. It is well-predicted by the correlation of King®

(Figure 6):
. Uf +1
Sf =—

U, +2

s

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 fluidization 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 porosity 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 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 emulsion phases are nearly constant along the radial profiles whatever 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 cm to 5.5 cm when the fluidizing
velocity increases from 0.2 m/s 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
constant and equal to 27 % over the range of fluidizing velocities. 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, ¥ .., (Figure 14). These results do not agree with two-phase
model assumptions. However, such trends have ever been observed with Geldart-B particles
for fluidizing velocities higher than half of the bubbling to turbulent regime transition
criterion, U,, under which U. =U ., was found"".

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

S =0.2xU,

over the fluidizing velocity range (Figure 15). The amount of fluidized bed included in the
emulsion phase, <2, decreases when increasing the fluidizing velocity and reaches a constant
minimum 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 determined at low
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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(E,,)/ ;b, the bubble chord,

O(Db)/ D_b, the bubble velocity, O(U b)/ lTb, and the cloud thickness, O(TC )/ YTC, are
constant over the fluidizing velocity range : 23 %, 90 %, 70 % and 80 %, respectively
(Figures 17-18). 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 probability function of each bubbling
behavior can be modeled as a constant probability function over the fluidizing velocity range:

- The reduced probability distributions of the bubble porosity, (5,, —8_,,)/ 0(8,,) , obey a

single normal law (Figure 19).

- Each reduced probability distribution of the bubble velocity, (U b —U_b)/ O(U b) , the

bubble chord, (Db —D_b)/ O(Db), and the cloud thickness, (Tc —Y_’()/ O(TC), obey a
single lognormal law (Figures 20-22).
Furthermore, the porosity of the cloud-phase can be considered 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 velocity is given by a log normal law:

- 11 -



nU,, —b
)= et s B B

where the parameters @ and & are calculated using the mean and standard deviation bubble

velocity values as:

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

=U, —U, .+0711w/gD
U ,) =0.70<U,
g/lax amount of gas in the bubble - phase: 9,gU, <0.15U ,

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

1) = B‘LSE

H 20 a
where the parameters @ and & are calculated using the mean and standard deviation bubble

velocity values as:

+a®12

>

n _,b
p=€

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

D, =Dy (DypDigle "™
D,,=0.037 Uf—U,nf)z,D—bm:o.e“>52(s(U,c—U,nf))2/5
|D,|=0.90xD,

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

-12-



fles)=———exp| -2

supplemented with the results found in this pape :

£=90
ole,|=0.23xE,

The bubble phase voidage is function of the fluidizing velocity: 6,=0.2xU f
Cloud phase:

The probability function of the cloud thickness is given by a log normal law:

1
2

lnTc—b)2

1
A e

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

T — gb+a’i2

supplemented with the results found in this paper:

T,=0.27xD,

c

o|T,|=0.80xT,
The averaged cloud porosity is constant: &€ =67.5% . The cloud velocity is that of the bubble
to which it is attached: UC: Ub . The averaged cloud phase fraction is constant: 5_C: 10
Emulsion phase:
The averaged emulsion porosity is equal to the minimum bubbling porosity, € .

The emulsion phase voidage is given by 6,=1-6,-6, .

- 13-



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:

- the chord, velocity and porosity of the bubble phase.

- the thickness and porosity of the cloud phase.

The averaged bed and emulsion phase porosity, the fraction of all three phases, the amount of

gas and the interstitial gas velocity in the emulsion phase are assessed. We observe the

following:

- The averaged bed porosity is well-predicted by King's correlation®.

- The averaged bubble chord is well-predicted by the correlation of Mori and Wen™'.

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

- 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.

- 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 constant when increasing the

fluidizing velocity.

-14 -



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

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

- 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.

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

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

- 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 turbulence

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.

Nomenclature

Roman letter

-15-



D, Bubble chord (m)

d, Particle diameter (Jum)

dt Time step of the acquired signal (s)

r Radial position (m)

R Column radius (m)

T. Cloud thickness (m)

U, Bubble velocity (m)

U. Bubbling to turbulent regime transition criterion (m/s)

Uy Fluidizing velocity (m/s)

U, Minimum bubbling velocity (m/s)

U,y Minimum fluidizing velocity (m/s)

Greek letter

o, Fraction of the bubble phase (m*/m?).

fo) Fraction of the cloud phase (m*/m?).

o 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 (m3/m3 ).
& Porosity of the emulsion phase (m’/m”).

E.. Porosity threshold between the emulsion and the cloud phases (m3/m3).

-16 -



& Porosity of the bed (m’/m”).

Enb Porosity of the bed at minimal bubbling velocity (m3/m3).
Enf Porosity of the bed at minimal fluidizing velocity (m3/m3).
72 Amount of gas through a the bubble phase (m/s)

72 . Amount of gas through a the cloud phase (m/s)

72 . Amount of gas through a the emulsion phase (m/s)

U Gas dynamic viscosity (Pa.s).

0 Gas density (kg/m’).

O Particle density (kg/m’).

Superscript
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Figure 5 : Radial profiles of the time-averaged local porosity at 30 cm above the distributor (0.2 m/s B. 0.3 m/s ¢. 0.4 m/sp. 0.5m/s ®.

0.6 m/s B. 0.7 m/s . 0.8 m/s []). Effect of the fluidizing velocity, U,
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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 §ffl. center position [. 7 cm to
the wall 3. 9 cm to the wall B{). Comparison between the overall time-average porosity of the porosity () and the correlation of King, 1989 (O ). Effect of the
fluidizing velocity, Uj.
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Figure 7 : Radial profiles of the standard deviation of the local porosity at 30 cm above the distributor (0.2 m/s [I. 0.3 m/s +. 0.4 m/s §. 0.5 m/s P. 0.6 m/s #. 0.7 m/s

8. 0.8 m/s A). Effect of the fluidizing velocity, U,
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Figure 8 : Radial profiles of the emulsion and bubble phases fraction at 30 cm above the distributor (0.2 m/s . 0.3 m/s ¢. 0.4 m/s . 0.5 m/s B. 0.6 m/s . 0.7 m/s

8. 0.8 m/s A). Effect of the fluidizing velocity, U,
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Figure 9: Radial profiles of the time-averaged bubble velocity and chord at 30 cm above the distributor (0.2 m/s fl. 0.3 m/s +. 0.4 m/s §ffl. 0.5 m/s 0. 0.6 m/s .

0.7 m/s (. 0.8 m/s A). Effect of the fluidizing velocity, U.
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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 8. 0.3 m/s *. 0.4 m/s §ffl. 0.5 m/s

K 0.6 m/s #. 0.7 m/s B{. 0.8 m/s A). Effect of the fluidizing velocity, U,.
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Figure 11 : Radial profiles of the emulsion, the cloud, and the bubble phases time-averaged sporosity, &,, £, &, at 30 cm above the distributor (0.2 m/s 0. 0.3 m/s .

0.4 m/s J. 0.5 m/s B. 0.6 m/s k. 0.7 m/s BZ. 0.8 m/s A). Effect of the fluidizing velocity, U,
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Figure 12 : Radial profiles of the emulsion, the cloud, and the bubble phases time-averaged porosity, &, &, &, at 30 cm above the distributor

(0.2m/s .0.3nVs ». 0.4 /s . 0.5 m/s @. 0.6 Vs 55. 0.7 m/s 7. 0.8 m/s ). Effect of the fluidizing velocity, Us
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Figure 13 : Fraction of the total gas mass flux through the emulsion-phase, 1, . (B), the cloud-phase, Nger (*), and the bubble-phase, 1,,, (38) at 30 cm above the

distributor. Effect of the fluidizing velocity, Uy.
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Figure 14: Superficial gas velocity in the emulsion, Ue . Effect of the fluidizing velocity, U,.
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Figure 15: Fraction of the emulsion, 6 e (@), the cloud, 6 ¢ (*), and the bubble, 5C , phases ({ffl). Effect of the fluidizing velocity, U
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Figure 16 : Relationship between the time-averaged overall cloud thickness, _c , and the time-averaged overall bubble chord, Uy, .
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Figure 17 : Relative standard deviation of the bubble porosity (B) and cloud porosity (¢). Effect of the fluidizing velocity, U,.

-38 -



100
90 | T
~ 80 ] T
S | u m
> m m
T 70 | R R B T
= 60 . ¢ T
=
© 50 ° ® 100
® 4 X
T @ T T90 =
| S S S —— S —— | &
. [ ] 80 L—i
1 T 70 bﬁ
. teo 2
50 §
0.00 0.20 0.40 0.60 0.80 1.00
Us (m/s)

Figure 18 : Relative standard deviation of the bubble velocity (H), bubble chord (®), and cloud thickness (¢ ). Effect of the fluidizing
velocity, U
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19 : Distribution of the reduced bubble porosity at 30 cm above the distributor. Normal law ([ ).
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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 (I ).
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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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