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Abstract: This study presents experimental data on the behavior of gas-solid
systems in classical fluidization of simple particles and binary mixtures. Sodium and
calcium bentonite particles with different physical properties were used to determine
dynamic parameters. The use of bentonite particles is often recommended because
they are easy to manipulate and have high specific surface areas for gas-solid contact.

The study examines the influence of average particle diameter ( d ,) and bed height

(Hp) on bed porosity (&), pressure drop (4P), and minimum fluidization velocity
(Uny). Bentonite particles in a fluidized bed belong to Groups B and D according to
Geldart's classification. The binary mixture particles have the same diameter but
different densities and are pseudo-homogeneously mixed. The minimum fluidization
velocity for well-mixed particles (Unsmix) was determined for two mixtures with 0.57
mass fraction of sodium bentonite and bed ratios (Hy/D) close to 2. Experimental
values for minimum pressure drop (4Pumi»), minimum fluidization velocity (U,y), and
minimum fluidization velocity for the mixture were compared with theoretical
values using empirical equations. Regression analysis of all experimental data
provided an empirical model for U,y and U,zmi. The study aims to achieve better
dynamic conditions for efficient and effective use of binary mixtures in future
adsorption processes.

Keywords: bentonite, binary mixture, mass fraction, minimum fluidization
velocity, pressure drop
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INTRODUCTION

Fluidization is an operating technique in which a solid bed (powder or granular particles),
supported by a perforated plate for gas or fluid phase distribution, allows the fluidizing
agent (gas or liquid) to pass through it, creating an expanded state of the gas-solid system
[1]. In general, solid particles become fluidized in the bed when an ascending gas flow
exerts a drag force strong enough to overcome the force of gravity. The drag force is the
frictional force between the particles and the gas. The bed particles exert an equal and
opposite drag force on the gas flow [2]. The surface of a bubbling fluidized bed resembles
that of a boiling liquid and can be easily mixed, just like a liquid [3]. Fluidization offers
multiple advantages in comparison with the fixed beds, including good gas-solid contact,
particles transport, particles rapid mixing, excellent heat and mass transfer characteristics
[4]. Fluidization process is present in all operations based on gas-solid contact and
applications being met in chemicals, pharmaceuticals, environmental, foods [5], energy,
nuclear, petrochemical, oil, coal, wood and construction materials [6].

Increasing the gas flow (Gv) through a granular bed changes the mode of gas-solid contact
in many ways [7]. The five distinct stages or regimes of fluidization observable
experimentally are: fixed or packed bed, incipient fluidization, bubbling fluidization,
slugging, and turbulent fluidization [8]. However, not all of these regimes can be observed
in all gas-solid systems, as some regimes depend on the size of the equipment used or
additional components for transporting particles in pneumatic regimes or entrained
particle beds.

Fluidization regimes can be classified into two categories: particulate or homogeneous
fluidization [9] and bubbling or aggregative fluidization [10]. Most gas or liquid fluidized
beds under normal operation exhibit particulate fluidization. In particulate fluidization,
the solid particles usually disperse uniformly in the fluidizing bed without gas bubbling,
resulting in quiet fluidization. The particle bed can transition from a fixed bed to a
bubbling fluidized bed when the gas velocity (Ug) increases beyond the minimum
fluidization velocity (Uyy) of the gas-solid system [11]. Particulate fluidization exists
between the minimum fluidization velocity (Uyy) and the minimum bubbling velocity
(Us). The gas velocity (Uyg), at which gas bubbles first appear in the bed particles, is known
as the minimum bubbling velocity (Uns) [12].

The aggregative or bubbling regime is one of the most studied flow regimes in gas-solid
systems. Gas bubbles join together and break up as gas flow (G,) increases. Eventually,
the gas bubbles become large enough to occupy a substantial fraction of the cross-section
of the fluidization column. Under certain conditions, these elongated gas bubbles are
called slugs.

The flow pattern depends exclusively on system properties such as average particle

diameter (E » ), average particle density (,z_) , ), particle shape or sphericity (%), gas phase

density (p,), and gas viscosity (7¢). There are several criteria available to determine
whether a gas-solid system will exhibit particulate fluidization (Fr < 1) or aggregative
fluidization (Fr > 1) [2]. The criterion for particulate or aggregative fluidization is the
value of the Froude number, presented in equation 1:

U’y (1)
g-dy

Fr=
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where Usis the minimum fluidization velocity (m-s™), g is the acceleration due to gravity
(m-s?), and d , is the average particle diameter (m). The main parameters that describe

the dynamic behavior of particulate fluidization are: pressure drop (4P), gas velocity (Uy),
minimum fluidization velocity (U,,y), and bed porosity (o).

The minimum pressure drop (4Pmix) in the fixed bed of devices with a cross-section
fluidization column is a constant and represents the gas energy consumption needed to
maintain the fluidization regime. Predicting Unyis essential for the transition from a fixed
bed to a fluidized bed [13]. For a homogeneously porous bed, measuring the bed height
(Hop) and calculating the bed porosity (¢0) [14] is expressed using the empirical equation
(2) obtained by Carman-Kozeny:

APminzg.(pp_pg)'(l_go).HO (2)
The minimum fluidization velocity (U,y) can be estimated in a mono-component system

by first calculating the Archimedes number (A4r) [15] and then the Reynolds number in a
fluidized state (Reny) [16, 17] presented in equation 3:

Re,, =33.7° +0.0408 - Ar —33.7 (3)

Minimum fluidization velocity (U,y) can be calculated theoretically for various particle
shapes [ 18] using the following equation:

ng 'Remf' (4)
pg : dp

Umf =

where 74 is gas viscosity (Pa-s), pg is gas density (kg-m™), and d, is average particle
diameter (m). For air, 7, = 18.4 - 10° Pa's and pg = 1.293 kg:m™ at 21.1°C and 1 atm.
In practice, the minimum fluidization velocity (U,y) is determined using fluidization
diagrams that depend on the pressure drop (4P) in the bed and the gas velocity (Uy),
represented as (4P - U,). Geldart studied gas-solid fluidization for different types of solid
particles with varying sizes and densities, from the finest to the heaviest, noting their
fluidization behavior. The particles can be classified in 4 groups [19, 20]: group A
includes aerated powders (e.g., catalyst granules) [21, 22], group B includes sand particles
[23], group C consists of fine cohesive particles (e.g., cosmetic and talcum powder, flour,
starch), and group D includes large and/or very dense particles (e.g., cereals, coffee beans,
coal, clays) [24, 25].

Fluidization is an important technique for intensifying operations and industrial
processes, regardless of the powder group (A to D). It offers opportunities to design,
operate, and scale-up fluidized beds in new ways [4], such as using binary mixtures of
particles with different diameters and/or densities.

A binary mixture of particles with different diameters and/or densities tends to separate
vertically under fluidized conditions. Regardless of the particle configuration in the bed,
the non-uniform distribution of the different solid components is caused by the
competitive action of mixing and segregation phenomena [26].

Rowe and Nienow extensively studied binary mixture systems and classified the particles
into two categories: the component that tends to settle to the bottom, called “Jetsam,” and
the component that tends to float on the fluidized bed surface, called “Flotsam™ [27].
Chiba proposed another classification for two-solid beds with particles of different
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densities [28, 29]. Generally, the high-density component will segregate to become the
“Jetsam” particles, and the low-density component will be the “Flotsam” particles.
However, there are exceptions. If there is no difference in density but only in diameter,
large particles will be “Jetsam,” and small particles will be “Flotsam.” In both cases,
segregation occurs [30 — 32].

Figure 1 shows the evolution of a fixed bed depending on the gas velocity for the
arrangement of “Jetsam” and “Flotsam” particles in a pseudo-homogeneous
configuration.

Incresing gas velocity

Flotsa

® Jetsan

Fluidization vy
front

Figure 1. Fluidization regimes for a two-solid bed in a pseudo-homogeneous
configuration: a. fixed bed; b. partially segregated bed; c. well-mixed bed;
d. fully segregated bed [33].

In the case of a two-solid pseudo-homogeneous configuration, the bed structure made up
of the “Flotsam” and “Jetsam” particles will change as it passes through the four
fluidization regimes observable experimentally: fixed bed, partially segregated bed, well-
mixed bed, and fully segregated bed [33].

During fluidization by air (at ambient conditions) for a pseudo-homogeneous
configuration, as the gas flow rate increases, the fluidization front moves towards the
bottom of the column until the whole bed is brought into a fluidized state [34 — 36]. At
the column surface, a bubbling bed contains almost exclusively the “Flotsam”
component, while the “Jetsam” particles sink and form a de-fluidized bed just behind the
fluidization front [37].

In practice, the initial and total fluidization velocities (Ujrand Uy) can be determined from
the APnix - Ug diagram for a mixing or segregating mixture [30, 38 — 41], along with
visual observations of the bed behavior.

To estimate the minimum fluidization velocity for a binary system (Upy mix), it is necessary
to consider the characteristics of the mixing particles. The main physical properties of the

bi-component bed are: average particle diameter (gp,m,-x ), average particle density

(P . )» mass fraction (x,), volumetric fraction (x, , ), and volumetric average mixture

diameter (gv,mix ). The average particle diameter and particle density of the mixture are
calculated using the equation of weighted mass [42].
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The volumetric fraction of “Jetsam” particles ( x, ;) can be calculated using the equation

5 [43]:

_ v, _ v, %)
V,+V. V,

total mixture

xv,J

The volumetric average mixture diameter of solid particles (Ev,mix) was calculated using
equation (6) by weighting the particle diameters, considering the volumetric fraction and
particle shapes [24]:

dvmis=d, ;- X, W, +d, 0 X, Y (6)

It is important for the practical design of the equipment to determine the minimum
fluidization velocity (U,s) at which single particles of “Jetsam” or “Flotsam” are
completely fluidized.

The minimum fluidization velocity of the particle mixtures (Unsmix) can be calculated
using the equation of Chiba [43] for a completely segregated bed of particles with
different diameters and/or densities:

U, 7

Umf,mix = (”j’F U ( )
(1=,) 1= T |y Do
Umf,./ Umf,./

The nouvelty of this research is the use of the bentonite particules in binary fluidized bed
and the determination of the experimental and calculated dynamic parameters by
equations during fluidization.

The paper presents the importance of the physical properties of simple bentonite particles
and binary mixtures in order to understand the fluidization operating parameters. The
fluidization is necessary to achieve a completely mixed bed and to reduce or eliminate
partial or total segregation of the particles, which can affect the gas-solid contact. The
dynamic parameters were determined at the moment of incipient fluidization to prevent
the action of inter-particle forces that exist in the case of small particles. Besides this
aspect, the use of bentonite particles in the fluidization process is recommended due to
their high specific surface areas, making them suitable for forming a binary fluidized bed
for future research in adsorption processes.

To complete this study, empirical equations were applied for estimation of the minimum
fluidization velocity of simple bentonite particules and binary mixture using regression
analysis.

MATERIALS AND METHODS

The experimental setup used in this study is presented in Figure 2. The fluidization
column is constructed from a transparent Pyrex tube with an internal diameter of D=5 -
1072 m, a height column of H=40 - 1072 m, and a cross-sectional area of A =19.62 - 10~
m?. Dried and filtered compressed air was supplied to the particle bed through a porous
gas distributor plate. The air flow rate was measured using a Shorate 1355 flowmeter (0
- 60 L- min! air, p = 2 bar, T = 20°C) and a Broks GT 1024 flowmeter
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(0-280 L- min air!, p = 2 bar, T = 20°C). The particles used in these fluidization tests are
bentonite clay. Bentonite is natural clay composed of about 50 - 70 % montmorillonite,
with the remainder being impurities such as feldspar, mica, quartz, cristobalite, coarse
sand etc. [44 — 46].

The bentonite particles are arranged in the column in a pseudo-homogeneous
configuration [16, 47]. The pressure drop across the ascending bentonite particle bed was
measured using a digital manometer Keller PD 33 H via a transducer Converter K-107
Keller connected to a computer.

/ * #@‘l\ @”
EE 3
Pseudo- f‘afa % d

homogenous E s *&f.

mixture \

Compressed air —»

Figure 2. Experimental set-up
1 — fluidization column; 2 — graduated scale; 3 — sodium bentonite particles; 4 —
calcium bentonite particles; 5 — porous plate; 6 — air desiccators column; 7 —
Sflowmeter, 8 — differential manometer; 9 — computer.

Two types of bentonite particles were used in a pseudo-homogeneous configuration:
sodium bentonite (NaBent) [48] and calcium bentonite (CaBent) [49]. The specific
surface area of sodium bentonite is 16.88 m>g'!, and that of calcium bentonite is
46.52 m?>-g’!, as reported in a previous publication [50].

The bentonite particles were initially in powder form. To obtain particles with high
granulometry and sphericity, they were agglomerated with distilled water in a ratio of 1:
3, dried at 110 °C, and manually triturated. The particles were then introduced into the
fluidization column to form a granular bed, and the bed height (Hy) was measured using
a graduated scale fixed to the fluidization column.

The physical properties of the particles used in the fluidization tests of the mono-

component bed, such as particle shape (V¥), average particle diameter (3 »), and average
particle density (; » ), were experimentally determined.

The particle shape was determined by analyzing bentonite images taken with a Kruss
optical microscope equipped with a Topica TP 100 digital camera. The geometry of the
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2D images was then calculated. Sodium and calcium bentonite particles have irregular
and asymmetric shapes [51], falling into the spheroid category [2]. These materials are

non-spherical particles, and the average diameter of bentonite particles (d ,) is defined as
the equivalent diameter of a particle with the same volume. As an approximation, the
average particle diameter can be considered from the geometric mean of two consecutive
sieve openings without introducing significant errors [52, 53].

The average particle diameter of bentonite (d,) was determined using the classic dry
sieving method [54]. The determination of the average particle diameter was performed
with a Retsh Ficher AS 200 sieving device, equipped with standardized sieves vertically
placed in decreasing mesh size order, at amplitude of 60 vibrations for 7 minutes. Two

size classes were obtained: ¢_z’,, =0.75- 102 m and ¢_z’,,= 1.5-107° m[18].
The average particle density (/_) ,) was determined by the volumetric method using a

graduated cylinder. Cyclohexane was used as the liquid for measuring the average bulk
density of the clay particles instead of water, due to the swelling properties of clays [50].
The results obtained are presented in Table 1.

Table 1. Physical properties of bentonite particles

Average particle Average particle
Bentonite | Particles shape, ¥ d /_) Geldart
particles 6] diameter, 7 density, /" 7 group
[107, m] [kg:m™]
0.74 0.75 2026 B
NaBent 0.70 150 2394 D
0.85 0.75 1768 B
CaBent 0.81 1.50 1935 D

Depending on Geldart's dimensional-dynamic classification, the type of fluidization for a
mono-component bed can be identified by knowing the average particle diameter (d , )

and the average particle density (; ,)- The studied materials can be classified into two

groups: Group B, which contains most particles with an average diameter of
d, =0.75-10"m, and Group D, which contains particles with a larger average diameter

of d, =1.5-10"m . Although the two types of particles will behave differently during

fluidization, the transition point from the fixed bed to the bubbling regime is determined
by the minimum fluidization velocity in both cases.

Mixture Data

Using previous experimental results obtained from the classical fluidization of simple
particles, particles with the same diameter but different densities were selected to achieve
a pseudo-homogeneous configuration. These particles have similar minimum fluidization
velocities and will form a binary mixture. The binary mixture used in the experimental
study consists of sodium and calcium bentonite particles, referred to as mixture A and
mixture B, respectively. The physical properties of these mixtures are presented in Table
2.

St. Cerc. St. CICBIA 2025 26 (1) 53



MUNTIANU, NISTOR, GEORGESCU, ROSU, MIRILA, MARES and JINESCU

Table 2. Physical properties of binary mixture

Mass mixture | mixture | Volumetric mix tu%e -
Mixture fraction | diameter, | density, | fraction diameter P pNasent
- - 9
( xNaBent) d p,mix pp,mix ( xv,NaBem‘ ) g ) pP,CaBé’”t
3 3 v,mix
[10 s m] [kgm ] [10_3’ m]
A 0.57 0.75 1870.42 0.5377 0.59 1.15
B 0.57 1.5 2108.86 0.5186 1.12 1.24

Each of the two mixtures in a pseudo-homogeneous configuration was sieved to measure
and weigh the mass fraction of sodium bentonite ( X,,,, ). To determine the minimum
fluidization velocity for the mixture bed (Unzmix), the physical properties presented in
Table 2 were calculated: average particle diameter (Ep,mix ) [41], average particle density

(/_) »mix ) [42], volumetric fraction for sodium bentonite particles using equation (5), and

volumetric average mixture diameter using equation (6). The same table also reports the
density ratio of the components to investigate the role of density differences in binary
fluidization.

In the classical fluidization of a mixture consisting of sodium and calcium bentonite,
where the particles have the same diameter but different densities, the mixture with higher

density particles (d pux =1.5-10>mand ;p,mix =2108.86kg-m™) represents the
“Jetsam” particles, which will settle at the bottom of the fluidization column. Conversely,
the mixture with lower density particles (dpmx =0.75-107°m  and

; pomie = 1870.42 kg - m™) represents the “Flotsam” particles, which will remain in the

upper part of the bed. After fluidization, it can be expected that a completely segregated
bed will be obtained. The measurements showed that the mixture of particles passes
through three fluidization regimes: fixed bed, well-mixed bed, and fully segregated bed.
The fluidization tests in a pseudo-homogeneous configuration were carried out with bed
weights (G) of 200 g for sodium bentonite (NaBent) and 150 g for calcium bentonite
(CaBent), corresponding to bed height-to-diameter ratios (Hy/D) nearly equal to 2. The

mass fraction of NaBent particles ( X,,z,,,) Was 0.57. At the beginning of the fluidization

experiment, the binary system was charged into the column in a fixed bed with well-
mixed particles in a pseudo-homogeneous configuration.

The objectives of these tests were to determine the experimental values at increasing flow
rates (Gy) for the two binary mixtures and to measure their mixing state at fluidizing
velocities near the minimum and complete velocities, following the fluidization diagram
(AP - Uy for a mixing or segregating bed. The behavior of particles in a pseudo-
homogeneous configuration was also visually observed through the transparent
fluidization column.
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RESULTS AND DISCUSSION

Dynamic parameters in classical fluidization of simple particles (NaBent and CaBent)
The experimental tests on the dynamics of simple particle beds involved measuring the
volumetric air flow rate (G,) from 0 to 50 L- min"' for NaBent particles with
d,=0.75-10"m and from 0 to 140 L-min! for CaBent particles d, =1.5-10"m . To
determine the fluidization regime for this gas-solid system, the Froude number [2] was
calculated using equation (1), indicating that all bentonite particles exhibit particulate
fluidization behavior.

The parameters varied in this particulate fluidization study included the average particle
diameter (d,) and the initial height of the fixed bed (Hy). Table 3 presents the
experimental values at increasing flow rates (Gy) for the minimum pressure drop
(4Pnmin, exp.) and the minimum fluidization velocity (Uny, exp.) according to the incipient bed
fluidization.

The fixed bed porosity (g9) [15, 16], the minimum pressure drop (A4Pmin, calc.) USIng
empirical equation (2), the Reynolds number using dimensionless equation (3), and the
minimum fluidization velocity (U, caic.) using equation (4) were also calculated.

Table 3. Dynamic parameters at incipient fluidization for simple particles

_ H, Experimental Calculated
N° | Bentonite d
tests | particles 5 (107, APuin | Une £ APumin Rems Unt
P 0% m) ' m) | (Pa) |(msh) | ) (Pa) | | (ms?)
1. 2.5 287.5 0.31 0.459 | 268.64
2. 5 440 033 | 0506 | 491.59
3. 75 575 033 | 0503 | 74037
0.75 15.71 | 0.298
4. 10 837.5 | 033 | 0507 | 979.22
5. 125 | 10625 | 033 | 0503 | 123643
6. NaBent 15 1350 | 033 | 0.498 | 1519.47
7. 25 200 059 | 0536 | 272.87
8. 5 430 067 | 0579 | 49527
9. 75 575 067 | 0575 | 749.94
10. 1:30 10 875 0.76 | 0.573 | 1002.27 824010781
11. 125 | 1150 | 0.67 | 0595 | 119123
12. 15 | 12875 067 | 0577 | 1492.85
13. 2.5 1875 | 0.16 | 0547 | 196.12
14. 5 362.5 | 023 | 0.546 | 393.46
15. 75 425 025 | 0564 | 566.91
16. 0.75 10 | 6375 | 027 | 0572 | 74201 | 0| 026
17, 12.5 825 031 [0579 | 911.71
8| copont 15 | 10375 | 027 | 0561 | 114251
19. apen 25 175 | 042 [ 0582 | 19824
20. 5 275 0.50 | 0.580 | 398.78
1. 75 450 059 | 0.620 | 540.58
0. 1.50 10 | 7385 | 059 | 0598 | 76259 | /1| 0680
23 12.5 800 0.67 | 0620 | 901.48
24 15 | 1087.5| 076 | 0.616 | 1091.77
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Because the bentonite particles used in the experiments belong to Groups B and D, they
exhibit high bed porosity in the fixed bed due to the increase in average particle diameter
(d ) and bed height (Hp). These bentonite particles do not show homogeneous expansion
when are fluidized, and the fixed bed porosity (&) is always considered equal to the bed
porosity at incipient fluidization (&) [55].

It was found that the experimental values for the minimum pressure drop (4Pmin, exp.) Show
a deviation from the theoretical values in the range of - 4 % to - 37 % for sodium bentonite
particles and - 0.4 % to - 34 % for calcium bentonite particles. Table 3 provides the
possibility to predict the minimum fluidization velocity (Uyy) for a mono-component bed,
calculated using the most popular equation (4) based on the work of Wen and Yu in the
laminar flow region [17, 19, 56]. The agreement with all experimental data is acceptable,

with the lowest error being related to bentonite particles with d, = 0.75-107 m , where
the average error is + 6.87 % for NaBent and - 6.85 % for CaBent, and for particles with
d, =1.5-10"m, where the average error is - 16.04 % for NaBent and - 15.64 % for

CaBent.

The establishment of dynamic parameters in a mono-component bed consisting of
bentonite particles was achieved by measuring the pressure drop (4P) and supplementing
these measurements with visual observations of the particle bed height (Hy) for each value
of the volumetric air flow rate (Gy). Experimental values for the 4Puin and U,y were
determined from specific diagrams that characterize the fluidization regimes, representing
the evolution of the pressure drop (4P) in the bed (measured with a digital manometer)
as a function of Uk.

The hysteresis phenomenon was continuously monitored by reading the pressure drop
value during both increasing (fluidization) and decreasing (de-fluidization) air flow, as
shown in Figures 3 and 4. Fluidization diagrams (AP - U,) are presented for bentonite
particles (NaBent and CaBent) with an average particle diameter of 0.75-107m at
different geometric ratios (Ho/D).

=@ Fluidization

P =@ Fluidization
=0 De-fluidization

=0 De-fluidization

0 005 01 015 02 025 03 035 04 045 0

U, (ms?) 0 005 01 015 02 025 03 035 04 0
U, (m-s?)
a b.
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Figure 3. Fluidization diagrams for NaBent particles with dp=0.75-10"m
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Figure 4. Fluidization diagrams for CaBent particles with dp=075-10"m

HyD=1;b. H/D =2;c. H/D =3

The fluidization regimes were determined by referencing the Uy at different geometric
ratios (Ho/D), depending on the average particle diameter (3 » =0,75-107 m). Analyzing
the (4P - Uy) curves shown in the fluidization diagrams for bentonite particles, in a fixed
bed, the particles remain stationary at low gas velocities, slipping between the stationary

St. Cerc. St. CICBIA 2025 26 (1) 57



MUNTIANU, NISTOR, GEORGESCU, ROSU, MIRILA, MARES and JINESCU

particles, and the pressure drop is smaller than the bed weight (4P < G). At the Uy, the
bentonite particles are suspended, having a certain degree of freedom to move around
their fixed positions, and the pressure drop equals the apparent bed weight per unit cross-
section of the fluidization column (4P = G). Small gas bubbles appear in the bed at this
stage.

At high gas velocities, turbulent fluidization occurs, and large gas bubbles disrupt the bed
particles. To avoid this inconvenience, it is necessary to add other particles with different
physical properties. Upon de-fluidization, the bed exhibits the same behavior in the
opposite direction. At the end, the particles settle again due to gravity, forming a fixed
bed depending on particle shape, average particle diameter, and average particle density.
From the classical fluidization tests of simple particles (sodium and calcium bentonite),
particles that show similar values of the U,y at incipient fluidization were selected to
create the binary mixture.

Dynamic parameters in classical fluidization of two types of particles in pseudo-
homogeneous configuration

All the experiments in this study were performed in the same fluidization column, under
the same conditions as the simple particle fluidization presented in Figure 2. The constant
parameters are the bed weights (G), geometric bed ratios (Ho/D), and the mass fraction of

sodium bentonite particles (Xy,z,,,) -

The variable parameters include the minimum fluidization velocities specific to the binary
mixture, the pressure drop at incipient fluidization (APmin, mix), and the pressure drop at
the moment of fluidization (4Puf mix). The dynamic parameters at incipient fluidization
for the binary mixture are presented in Table 4.

Table 4. Dynamic parameters at the incipient fluidization for bentonite particle in
pseudo-homogeneous configuration

Experimental Calculated
MiXture Uif Umf, mix Ut‘f APmin, mix Ame, mix Umf, mix
[m-s] [m-s] [ms] [Pa] [Pa] [m-s1]
A 0.296 0.360 0.445 1725 1635 0.292
B 0.678 0.848 1.017 1426 1425 0.652

The values presented in Table 4 were obtained from the (4P - Uy) fluidization curves,
identifying three fluidization velocities based on the gas flow rate: Ujrrepresents the initial
fluidization velocity, Unys, mix represents the minimum fluidization velocity for well-mixed
particles, and Uy represents the total fluidization velocity at which all the particles begin
to fluidize with gas bubbles [57].

The experimental values of the minimum fluidization velocity for mixtures A and B are
compared with the calculated values using the empirical correlation for Uy mix proposed
by Chiba for a completely segregated bed with different diameters and/or densities [28],
using equation (7).

To calculate the minimum fluidization velocity for binary particles in a pseudo-
homogeneous configuration, it is necessary to know the minimum fluidization velocity
values for simple particles previously determined. The minimum fluidization velocities
of bentonite particles determined in preliminary experiments are as follows: for NaBent
particles, Upnris 0.33 ms™!, and for CaBent particles, Uyyis 0.27 m's™' with an average
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particle diameter of d, =0,75-10"m. For NaBent particles, Uy is 0.76 m's™, and for

CaBent particles, Uynris 0.59 m-s™! with an average particle diameter of d,=1510"m.

After calculating the minimum fluidization velocity for binary particles, mixture A shows
an average error of + 6.71 % (Table 4), which is lower than the average error of + 19.52
% for mixture B. This is due to the increase in particle diameter in the mixture, which
increases the influence of the wall effect, making it difficult to fluidize and estimate the
experimental values.

When a gas flow (Gy) passes through a fixed bed of bentonite particles in the laminar flow
region, the pressure drop at incipient fluidization (4Puin, mix) inversely varies with the
particle diameter. These phenomena are due to the increase in frictional force between
particles and gas present in mixture A. The value for the pressure drop at incipient
fluidization (4 Pmin, mix) is almost the same as that for well-mixed particles (4Pmin, mys) in the
case of mixture B, because the particles have a larger diameter, and their movement is
slowed down.

The fluidization diagrams (AP - Uy) for particle mixtures with x,,, . =0.57 and Hy/D =

2 are presented in Figure 5.
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Figure 5. Fluidization diagrams for particle mixture with ~Nasen 37 and Hy/D = 2

a. Mixture A; b. Mixture B

As observed in Figure 5, when the U, is gradually increased, different patterns of pressure
drop growth are obtained. When transitioning from a fixed bed to a fluidized bed in this
configuration, three points or discontinuities corresponding to the values of Uy, Uns mix
and Uy appear in the respective graphs.

Understanding the dynamic parameters is important because the high pressure drop

associated with small diameter particles in mixture A with d, =0.75-10"m
compromises the cost of the fluidization process [45].

Comparison between experimental data and values obtained from empirical model for
minimum fluidization velocity

Since the equations did not acceptably approximate the experimental values of minimum
fluidization velocity for NaBent and CaBent particles, as well as for the pseudo-
homogeneous configuration, other mathematical equations will be proposed. By applying
regression analysis to the experimental data, an empirical equation is found for Uy, and
St. Cerc. St. CICBIA 2025 26 (1) 59




MUNTIANU, NISTOR, GEORGESCU, ROSU, MIRILA, MARES and JINESCU

Unmgmix, depending on the average particle diameter (4_1’ »), the geometric ratio (Hy/D), or

the density ratio. The empirical equations for simple particles and mixture particles are
presented in Table 5.

Table 5. Empirical equations for estimation of the minimum fluidization velocity
of simple and mixture particles

Particles Empirical equation Average error [%]
008 [ — 0,779
—0, H ’ —
NaBent U, =267-10° 4y (_Oj . M.g 7
D n,
0,145 0,618
CaBent U, =537-10°.d," (ﬂ] | P 10
. D P,
—1.4457
Mixure Uy =6,6507-dy (?Oj 0

The equations correctly estimate the experimental values. The average error for the
minimum fluidization velocity is 7 % for sodium bentonite particles, 10 % for calcium
bentonite particles, and 0 % for mixture particles, as shown in the table.

CONCLUSIONS

The experimental investigation of the dynamic parameters in particulate fluidization
shows that the bed behavior of NaBent and CaBent particles is influenced by average

diameter and average density of the particles. Bentonite particles with d »=0,75-10"m

belong to Group B and bentonite particles with d » =15-10"m belong to Group D. The

empirical equation for U,y obtained for the main operating parameters approximates the
experimental data with an acceptable error.

Analyzing the initial investigation for the simple particles, the experimental results are
crucial for selecting particles with approximate values for minimum fluidization
velocities to achieve a pseudo-homogeneous configuration. The binary mixture is
strongly influenced by the internal composition profile in the fixed bed, which is
associated with the variation in pressure drop. This variation significantly affects the onset
of fluidization and component segregation, with the “Jetsam” particles being the NaBent
particles. The dynamic parameters are important because the high AP associated with
small diameter particles would eventually lead to high energy costs, compromising the
fluidization process.

Based on dimensional analysis and experimentation, equations are proposed to estimate
the minimum fluidization velocity of simple and mixture particles. These equations have
an error rate of under 10 %. This approach is beneficial for using cylindrical columns to
fluidize bed particle mixtures with applications in different industries.

Besides its potential application in the development of multi-functional fluidization
columns involving simultaneous reaction and adsorption, binary particle fluidization can
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help modify the basic dynamic characteristics of a fluidized bed. Adding particles with
different physical properties than the initial solid phase of the fluidized bed is a good
solution. However, in process industries, gas-solid contacting involving small particles in
a mixture poses a major challenge, whether implemented in a fixed bed or a fluidized bed.
A large specific surface area ensures high heat and mass transfer rates and better
utilization of adsorbent or catalyst particles, but bubbling appears in the bed with local
turbulence and slug flow, leading to segregation phenomena.

In the future, alternatives can be found to stabilize the bed during the fluidization process
by applying external forces, such as an electro-magnetic field, to fix the particles bed
consisting of NaBent and/or CaBent particles within the magnetic bed.
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LIST OF SYMBOLS
A cross-section fluidization column [m?]
(_lp average particle diameter [m]
gp i average particle diameter mixture [m]
domic volumetric particle diameter mixture [m]
g gravity acceleration [m-s?]
G bed weight [kg]
G, volumetric flow [L-min™]
D column diameter [m]
Hy fixed bed height [m]
Hypi mixed particles height [m]
Hieisam packet or “Jetsam” height [m]
Up minimum bubbling velocity [m-s]
U, gas (air) velocity [m-s1]
Uny minimum fluidization velocity [m-s1]
Uy initial fluidization velocity [m-s]
Unnfmix minimum fluidization velocity of the mixture [m-s]
Uy total fluidization velocity [m-s]
X mass fraction [-]
X, volumetric fraction [-]
Greek letters
2, gas density [kg-m?]
/_) average particle density [kg'm?]

V4

St. Cerc. St. CICBIA 2025 26 (1) 61



MUNTIANU, NISTOR, GEORGESCU, ROSU, MIRILA, MARES and JINESCU

; average particles density mixture [kg'm?]
p,mix
APpin minimum pressure drop [Pa]
14 particle shape [-]
&0 fixed bed porosity [-]
Ne gas viscosity [Pas]
Criteria
Fr Froude [-]
Re Reynolds [-]
Ar Archimedes [-]
Subscripts
J “Jetsam” particles
F “Flotsam” particles
calc. value determined by equations
exp. value determined practically by experiment
mix mixture of the particles
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