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HYDRODYNAMIC ASPECTS OF FLUIDIZED BED
STABILIZED IN MAGNETIC FIELD

Alina-Violeta URSU', Ileana Denisa NISTOR?, Fabrice GROS?, Alisa Vasilica
ARUS*, Gabriela ISOPENCU®, Alina Monica MARES®

Lucrarea isi propune studiul hidrodinamic al particulelor feromagnetice
(otel comercial) in cazul fluidizarii gaz/solid in camp magnetic. S-a studiat influenta
caracteristicilor particulelor solide (magnetice), intensitatii campului magnetic (in
domeniul 0-12000 A. m-1), asupra cdderii de presiune §i porozitatii stratului
granular. Rezultatele aratd faptul ca intensitatea campului magnetic are o
importantd mare asupra stabilitatii particulelor magnetice in strat monocomponent.

The paper studies the hydrodynamic of the gas/solid fluidization in a
transverse magnetic field of ferromagnetic particles (commercial steel). The
influence of solid (magnetic and non-magnetic particles) characteristics, and the
magnetic field intensity (in the range of 0-12000 A.m-1), on the pressure drop and
porosity of the granulated bed has been investigated. The results confirm that the
magnetic field intensity has a large influence on the stability of magnetic particles in
a mono-component bed.
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1. Introduction

Magnetically stabilized fluidized beds (MSFB) represent a new technology
for eliminating the drawbacks of the classical fluidized beds [1]. Fluidization in
(electro) magnetical field combines the desirable characteristics of the both
fluidized and packed bed, i.e. a low pressure drop of fluidized bed, with the
bubble free operation at high gas velocity of packed bed [2], with the immediate
result of an improved G-S contact efficiency. MSFB is a widespread technique of
variate applications in combustion of solid fossil fuels [3], methane-carbon
dioxide catalytic reforming [4], and separation processes, such as the magnetic-
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nonmagnetic dust-filtration, ion exchange, adsorption [5], copper cementation [6-
7], yeast filtration [8], particle separation by density and magnetic properties [9-
10], gas separation [5], ethanol fermentation [11], etc. The properties of MSFB
make possible intensification of the mass transfer in gas-solid systems, of high
importance in adsorption processes [5].

Utilization of natural adsorbents, of alumino-silicates type, in de-pollution
processes has already been investigated [12, 13].

This paper presents a first stage of the MSFB method implementation for
adsorption using clay adsorbents. Hence, the hydrodynamic study of the bed is
necessary as well for determining the technological boundary values of some
operating parameters, and to modulate the hydrodynamic properties of the solid
particles.

The dynamic processing through fluidization implies the presence of some
inter-particular forces [14], due to the small dimensions of the particles. To
compensate these inter-particular forces, the use the magnetic field will be
investigated. It is also necessary to determine the most important parameters of
the granulated fluidised media in MSFB, with major importance in adsorption
process.

2. Materials and methods

All the experiments have been carried out in a cylindrical glass column
(Fig. 1), with a 0.5 m height and a 50 mm inner diameter. The gas distributor (and
media bearer) consists in a P2 porous glass plate, whose pressure drop is high
enough (3600 Pa at 0.34 m-s™), for the investigated gas velocity range, to ensure a
uniform gas admission in the porous media. Dry compressed air was used as
fluidizing fluid, of inlet flowrate regulated by Brooks (GT 1024 and Shorate
1355) flowmeters. The schema of the experimental bench-scale plant is presented
in Fig. 1. Pressure drops across the bed have been measured with a digital
manometer Keller PD 33H (connected to wall pressure taps), linked to a computer
via a Keller K-107 transducer. The porous media (bed) consists in steel shots
(trade name WS70 or WS170 provided by Wheelabrator (Allevard, France)), and
classified according to their diameters. Their physical properties (granulometric
class, determined via sieving, density) are presented in Table 1.

The initial bed porosity is calculated with equation (1):

& =1- Ms (1)
ps ALO
where M; is the mass of solid contained in the bed, 4 the column section, and L,

the bed initial height.
The transverse electromagnetic field is generated by a saddle coil device,
designed following indications from literature [15-17]. The device consists in two



Hydrodynamic aspects of fluidized bed stabilized in magnetic field 87

half cylindrical parts (made of PVC tube, 80 mm inner diameter), on which 0.8
mm diameter copper wire is winded up to get a saddle coil configuration
generating the transverse field.
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Fig. 1. Scheme of the hydrodynamic experimental bench-scale plant

Table 1
Physical properties of the particles
Particle type | Composition | d, (107 m) & (-) ps (kg.m™)
WS 170 Steel (Fe > 0.5-1 0.44-0.45 7450
WS 70 98.5%) 0.2-0.5 0.43-0.44 7450

The electrical power is supplied and controlled by a Lambda generator
(model FV 345, in the range 0-5 A) to get a chosen value of the electromagnetic
field intensity (H). This parameter was measured with a Magnet-Physik FH 51
gaussmeter, equipped with a HS-TB51 transverse probe, being function of spatial
position and current intensity (I). The magnetic field homogeneity is all-times
checked in the region of interest (the porous media), field intensity deviation
being less than 3%, at distances between 10 and 35 cm from source.

For instance, Fig. 2 presents the transverse field intensity distribution in
the centre of the cross section for various electrical power intensities, and at
various vertical positions (the origin being on top of the coils). As expected, the
field intensity varies linearity with the juice intensity.
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The horizontal plane component of the magnetic field vector was also
evaluated, being proved as being negligible (less than 1/16 of the transverse field
intensity).
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Fig. 2. Field intensity profile according to current intensity and position

All experiments were carried out in solid batch/field FIRST mode, as was
proposed and denominated by Siegell [18], and generalised by Hristov [19]. A
certain amount of solid was first introduced in the reactor (solid batch), being
fluidized and gently defluidized (giving a L, high bed) to get reproducible initial
bed states. Various initial bed heights have been used, from 5 cm up to 20 cm.
The electrical power (and so the electromagnetic field) is turned on. Gas is then
allowed to flow through the bottom inlet of the column.

3. Results and discussions

3.1. Hydrodynamic behaviour of the ferromagnetic particles in the
fluidized bed

Experiments conducted in the absence of the magnetic filed (H=0) exhibits
a classical pressure drop behaviour. Fig. 3 plots indicate an increase of the
pressure drop across the packed bed, of a curve shape in accordance to an Ergun-
type relation, with a linear predominant term (Reynolds number being close to
unity) for WS 70 (a), and a more sensible slope change for WS 170 (b) particle
(intermediary flow regime), until the minimum fluidization velocity is reached
(Table 2). Experimental values are in good agreement with those, predicted by the
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Lucas et al. [20] correlation for round particles of WS 70 and WS 170. Beyond
U, the bed is expanded and fluidized.

Experimental and calculated values for minimum fluidization velocity

Experimental U,y (m.s') | Calculated Uy (m.s!)
0.76 0.74
0.3 0.29

Table 2

The experimental pressure drop is constant (roughly 4000 Pa) being close
to the theoretical value of weight per unit of area of the bed, the small deviation
being explained by the pressure tap position.
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Fig. 3.a) Hydrodynamic behaviour of WS 70
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Fig. 3.b) Hydrodynamic behaviour of WS 170

Although the bed height is small (Ly=10 cm), wall or B type slugs appear
(according to the classification of Yang [22]). This slug development has been
attributed to the pressure tap, that generates an irregularity over the column cross
section. Moreover, its appearance seems to not depend on the particle diameter,
the slugging mode being reached for both cases at a gas velocity of 0.1 m.s™
higher than U, n-9, even if a difference according to the Geldart’s classification
still exists [22]: regime B for WS70 (corresponding to a sand like behaviour), and
regime D for WS170 (corresponding to a spoutable particle bed).

One can remark that the pressure drop increases linearly with the gas
flowrate (above the theoretical apparent weight per square unit) (Fig. 3 ). This
observation is in agreement with those derived by Chen et al. [23], and can be
explained by either the energy necessary to continuously accelerate the solids, or
by the potential energy dissipated by the solids [24].

The bed surface (and thus the pressure drop) of the slugging bed
alternatively oscillates between a maximum and a minimum position, following
the eruption of the slug [22]. The average bed porosity is represented in the Fig. 3.
As expected, the slug frequency (hence the pressure drop oscillation) appears to
be independent of the gas velocity, over the investigated operating small range
[25].
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3.2. Hydrodynamic behaviour of a ferromagnetic particle bed under
magnetic field

3.2.1. Pressure drop

As noticed before [26, 27], for gas velocities lower than the minimum
fluidization velocity, and for identical initial bed states, the pressure drop is not
modified by the presence or absence of the magnetic field.

Beyond U, u=o, the pressure drop slope is slightly modified by the magnetic
field intensity (Fig. 4). In a gas/solid fluidization under magnetic field, depending
on field intensity two characteristic velocities can be pointed out [26]:

- the bed expansion velocity U,, where the upper layer of the bed begins to

expand;

- the bubbling velocity, Up.

In this study, U, is considered a slug formation, corresponding to the
homogeneous bed structure partial destruction. For such a velocity, the magnetic
interactions are not strong enough compared to the drag forces to maintain a
stable bed and to avoid slug formation. Between those two velocities, the bed is
magnetically stabilized and expanded.
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Fig. 4. Variation of pressure drop with gas velocity for different magnetic fields

To have a better understanding of bed behaviour, state diagram can be
plotted showing the evolution of U, and U,, as function of field intensity (see Fig.
5). These graphs visualise the conditions under which the bed is fixed (Uy<U,),
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magnetically fluidized and stabilized (U.<Uy<U,; n), or partially stabilized with

slugs (Uy>Up, ). The graphs can be used to predict the bed behaviour according to

the used operating parameters.
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Following the experimental results, the minimum velocity of bed
expansion U, is nearly constant (for WS 70), or it slightly increases with the
magnetic field intensity. On the other hand, U,y increases with the intensity of
the magnetic field. Linear relationships [26-27], or of exponential form [19] can
be used to describe the evolution of these two velocities:

Ue = Unf, 0 T keH 2
Ub, H™ Umf, H=0 T kmaxH (3)
Table 3

Values of k. and Kk, coefficients

Trade name | k. (1 0% m’ 57! A'I) Konax (1 0 m’ s A'I)
2.2
WS70 Not significant (for the three last
points)
WS170 7 3.0

The low values of &, and %, recommend the use of the linear model, and
not of the exponential model.

In transverse field gas/solid fluidization [19] (and opposite to of axial field
results), the velocity U, increases with field intensity, due to the attraction forces
among the particles. The relative weak intensity of our magnetic field can explain
the relative independency of U, in our case.

According to Thivel et al [27], the factor k,,, represents the cohesion
within the bed created by the magnetic field leading to a delay in slug outbreak
The values presented in table 3 are of the same order of magnitude as those
observed by several authors [26-27].

Excess of pressure drop, typical from fluidization under transverse
magnetic field [7, 27], could not have been clearly identified under the
investigated operating conditions, the magnetic field being as weak as those
recorded when the water is used as a fluidizing agent [20]. However, our results
are in agreement with those of Hristov [29], where pressure in stabilized and the
transverse and axial operating modes are similar (?).

3.2.3. Porosity evolutions

Bed porosity could be another pertinent parameter to describe the
behaviour of our system. The bed porosity ¢ is calculated from the mass balance,
by taking into account L, L, and &y:

8=1—%(1—6‘0) 4)

The experimental values of the initial porosity presented in Table 1 are in
good agreement with the reported values obtained for spherical particles [30]. The
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evolution of the porosity according to H and U, (Fig. 6) confirms the results
presented in Fig. 5: the bed expands at nearly constant velocity U, although higher
magnetic field intensities have been applied. For identical velocity regime in the
MSFB, the bed display a porosity as lower as the field intensity increases.
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Fig. 6. Porosity evolution according to gas velocity and magnetic field intensity

This bed contraction has been previously attributed to the magnetic system
size limitation if compared to the bed height [7], and both for the liquid/solid
fluidization cases. Such porosity evolution results are opposite to the observations
of Penchev et al. [31], where size limitation of the generated field appeared to be
absent. Such a difference can be explained by the reduction or suppression of the
local void porosities, and by the physical properties of the used particles.
However, further investigations should be carried out by using other type of
particles in the same magnetic field.

3.2.4. Hysteresis phenomena during cycling

It is known that during a fluidization—defluidization cycle, the pressure
drop through the bed and its porosity are roughly the same at increasing or
decreasing fluid flowrates. In our study, the fluidization—defluidization cycles
were carried out under electromagnetic field, a set of typical result being
presented in Fig. 7, where the hysteresis loops can be clearly identified.
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7: Pressure drop porosity evolution hysteresis according to gas velocity during fluidization and
defluidization cycle (WS 70, Lo= 10 cm, H= 12110 A.m™)

When the gas velocity is increased, once the MSFB regime is passed,
slugging phenomena occurs. Then, for decreasing flowrates, the homogeneous
MSFB state cannot be obtained, due to the electromagnetic forces, and the bed
keeps its heterogeneous channelling structure, or with local voids, as mentioned
by Hristov for transverse fields [19]. Consequently, the gas flows easily and the
pressure drop decreases regularly, leading to values lower than those indicated by
a classical fluidization. Additionally, the cyclic fluidization—defluidization
operations of magnetically stabilized bed display higher porosities of the final
bed, due to the existence of the remaining slits.

6. Conclusions

Fluidization experiments were carried out using ferromagnetic particles.
Monocomponent beds exhibited a classical behaviour, that is a filtration and
fluidization regime, a minimum fluidization velocity in agreement with the
literature correlations. At higher air velocities in a fluidization mode, slugging
phenomenon, subsequent pressure drop and bed height oscillations occurred for
ferromagnetic particles.

Under a transverse magnetic field, the slug outbreak was postponed (using
various flowrates), and the outbreak intensity (monitored by pressure drop
standard deviation) was also reduced. The predictive tools of the fluidised bed
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behaviour, such as the phase diagrams (exhibiting fixed, stabilized and slugging
bed regimes) can be thus useful for further plant design and operation.

Symbol
Cross-section of the column (m?)
d, Particle diameter or granulometric class (m)
H Magnetic field intensity (A m ')
ke Expansion constant (m’s AT
kmax  Maximum stabilization constant (m2 5! Afl)
Lo Initial bed height (cm)
L Bed height (cm)
Ms  Solid mass (kg)
Up Superficial gas velocity (m s ')
Uy, Gas velocity at the appearance of gas bubbles or slugs (m s™)
U. Expansion velocity (ms™)
Upr  Minimum fluidization velocity for H=0 (ms™)
Uy Minimum fluidization velocity in the presence of magnetic field (m s ™)
AP Bed pressure drop (Pa)
€ Bed porosity (—)
€0 Initial bed porosity (—)
Ps Material density (kg m>)
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