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Abstract- This paper investigated the influence of interparticle forces on the quality of fluidization in a mag-
neticaly stabilized fluidized bed (MSFB), where we can “atificialy” creste interparticle forces (F,,) of any magni-
tude by applying an external magnetic field to ferromagnetic particles. A theoretical model was proposed which
predicts the transition point from a homogeneous to a heterogeneous fluidization as a function of the magnitude
of the interparticle force and other physical characteristics of both particles and fluids that are usually observed in
fluidization (r,, r, m d,, €). The concept of the eastic wave velocity, U, and the continuity wave velocity, U,, was
introduced. In particular, the interparticle force manipulated by an externally applied magnetic field was taken
into account in addition to a generd consideration of a conventiona fluidized bed. Bubbles form in a bed when
the continuity wave velocity becomes faster than the elagtic wave velocity. The simulation demonstrated the pro-
posed model could predict the transition point of fluidization regime with reasonable accuracy.
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INTRODUCTION

Interparticle force plays an important role in fluidization of
very small particles. When interparticle forces are of the same
order of magnitude as other forces involved in fluidization of
solids, such as gravity, drag, and buoyancy forces, one often
encounters difficulties which are qudlitatively described as poor
fluidizability. According to the Geldart's classfication of pow-
ders, a solid particle belonging to the group C is classified as
a nonfluidizable particle. There is a genuine need to study the
role of interparticle forces and to be able to predict more accu-
rately the qudity of fluidization (fluidizability) of fine powders.

More effective and economic fluidization can be achieved by
using smdler sized particles in many fluidized bed applications
Good fluidization, unfortunately, may not be achieved if the
particle size is smadler than a specific diameter. Based on pre-
vious works [Ciborowski and Wlodarski, 1962; Baerns, 1966;
Dond’ and Massmilla, 1973; Dons’ ¢ d., 1975; Rigtema, 1973;
Rietema and Piepers, 1990; Massmilla and Dong’, 1976; Gd-
dart and Abrahamsen, 1978; Molerus, 1982; Overbeek, 1984;
Seville and Clift, 1984; Jaraiz et d., 1992], the reative magni-
tude of interparticle forces, i.e, capillary forces, van der Wads
forces, and dectrodtatic forces, becomes dominant compared to
the magnitude of the gravitationd force of a single particle as
paticle Sze decreases. As a reault, a bed fdls into channding
or channding and bubbling rather than being homogeneoudy flu-
idized.

We acknowledge that the interparticle force itself and its
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effect on fluidizability must be studied in more detail. In order
to accomplish this task we creste ‘artificid’ interparticle forces
by applying a magnetic field into a bed. The magnetization of
particles produces dtraction forces among particles. This force
can be adjusted easily by controlling the magnetic field inten-
sty. Therefore, one can characterize the fluidization mode based
on the magnitude of the generated interparticle force.

DEVELOPMENT OF THEORETICAL MODEL

1. Interparticle Force Exigting between Particles in the Mag-
netically Fluidized Bed

The magnetization of ferri- and ferro-magnetic particles is
much greater than the magnetization of para- and diamagnetic
materids. Because of this magnetic property, ferri- and ferro-
magnetic materials have a number of industria applications.
The megnetization hysteress curve of ferromagnetic particles
is a good example to characterize the magnetization of these
materials with regard to the applied magnetic field. The expla-
nation of these magnetic properties can be found eesly in many
references [Chen, 1977; Barrett and Tetdman, 1973; Griffiths,
1981; Stanley and Gabriel, 1982].

Magnetized particles behave like magnetic dipoles. We assum-
ed that the intensity of an induced magnetic field, B, is uni-
form throughout a bed. Since particle 9ze, shape, and materia
are the same, the magnetic dipole moment of each particle was
considered to be same. The potential energy acting between
two magnetic dipoles was defined as - mB . When there are
two magnetic dipoles they interact with each other due to a
magnetic field. The magnetic field intensity exerted on one di-
pole by the other depends on the distance between them. Fig.
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Fig. 1. Interacting force between two magnetic dipoles of mo-
ments m and m'.

1 illugrates the configuration of two dipoles having different mag-
netic polar axes a a congtant induction of magnetic field.

The magnetic field intensity generated by a magnetic dipole
of moment m at a point apart from O by r is

—_Mmag@mer _my
B_4pé R &)
Therefore, the potentid energy, M, of magnetic dipole of mo-
ment m' is:
——mos=Ta 3 0
M= md>13_4|Oér3m>m€s—rt,)m>rmd>fgj
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The interacting force between two dipoles can be obtained
by differentiating the obtained potential energy with repect to
the distance between two dipoles, r.

ﬂf,\rA:_ 3”23:5“%% a sin a¢-2cosa cosaf 3

The digtance between two dipoles can be formulated as a func-
tion of the bed porosity. We considered that m, m, and m'
were constant under the constant magnetic field intensity.
2.Modd of the Deformation Velocity in a Magnetically Sta-
bilized Bed (M SB)

It is well known that the incipient fluidization of an MSFB
does not show any difference from a conventiond fluidized bed
with the increase of fluidization velocity. However, there is a
difference when fluid velocity is decreasing from the bubbling
poirt. In an MSFB, the pressure drop starts decreasing a a fluid
velocity higher than the minimum fluidization velocity. The hy-
deresis of pressure drop curve has been obsarved by severd in
vedtigators [Siegdll, 1988; Saxena and Shrivestava, 1990; Casd
et d., 1991; Cohen and Chi, 1991; Chetty et d., 1991].

Under the influence of a congtant magnetic fidd, the arrange-
ment of particdles becomes pretty much chain-like because of the
magnetizetion of particles. The order of the rearrangement of
magnetized particles gets higher during fluidization and defluid-
ization. Casd et a. [1984] observed tha the height of the bed
changed while their bed wes fluidized and defluidized from zero

Faw =

Tablel. Physcal features of gas-solid contacting sysems [Luc-

ched et al., 1979
Characterigtics BL;?LtJ)iI(Ijng Sf:ﬁ)(lje Fgéejd
bed bed

Congtant Pressure vs. Flow Rate Yes Yes No
Congtant Pressure vs. Particle Size Yes Yes No
Continuous Solid Throughout Yet Yes No
Gas Bypassing Prevented No Yes Yes
Attrition Prevented No Yes Yes
Solids Backmixing Prevented No Yes Yes
Traps Perticles at Low DP No Yes Yes

velocity to the bubbling velocity. They findly obtained the max-
imum reordering of particles under a constant magnetic field.
Under this condition, particle movement was grictly restricted
and the bed behaved like a fixed bed. All of particles were
aigning themsdves dong magnetic fidd lines. We defined a
bed under this Stuation as a magneticaly stabilized bed (MSB).
The characterigtics of an MSB compared with a conventiona
fluidized bed and a fixed bed are categorized in Table 1. The
agglomeration of particles in an MSB can be a good example
for underdanding the behavior of Gddart's dass C paticles The
grength of the magnetic attraction forces depends on the par-
ticle array together with the distance between particles, whereas
the interparticle forces of dass C particles depend on the distance
only. These differences have to be reflected in the investiga:
tion of the interparticle force whether an MSFB or a conven-
tiona fluidized bed is studied. The magnetic attraction force
acts as an additiond factor which has to be overcome by drag
force in order to achieve fluidization of a bed. A more appre-
ciable and accurate modd is required to explain these behav-
iors. No appropriate model, however, has been developed yet.
Therefore, we proposed a theoretical modd to explain the effect
of magnetic interpartide force on fluidization qudity in an MSFB.

Particles filled in an MSFB were assumed to be uniform-siz-
ed and spherical. The wall effect was considered to be neg-
ligible since the ratio of the diameter of a particle to the di-
ameter of a bed was smdl enough. The whole volume of par-
ticles remained congtant. We assumed that the applied magne-
tic field intensity was uniform throughout the bed. Magnetiza-
tion should be kept lower than the saturation magnetizetion of
the particles. The arrangement of particles was considered to
be the same shape throughout the bed. We assumed that the
arrangement of particles in an MSB could be fitted in a cubi-
cad geometry. A single cube condsts of one body-centered par-
ticle and eight particles on the corners of the cube. The par-
ticle arangement in an MSB is illudtrated in Fig. 2. The cub-
ical arrangement of particles in a conventional fluidized bed
has been a reasonable assumption in previous works [Zenz and
Othmer, 1960; Foscolo et a., 1985].

While the fluid velocity increases in an MSB, the particles
will remain gtationary. The drag force produced by the fluid
has to overcome both the weight of a particle and the mag-
netic interparticle force which keeps the particle from mov-
ing away. As soon as the drag force overcomes both the gra-
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Fig. 2. Configurat'ion of particleslin a stabilized bed.

vitationd force of a particle and the magnetic interparticle force
all together the bed will be fluidized.

The main force between particles in an MSFB acts in the
vertica direction. This characteristic of magnetic attraction force
contributes to the formation of chain-like arrangement of par-
ticles. Therefore, we can depict the magnetic interparticle forces
as dadtic drings interlinking particles with certain dadticity. The
strength of the dasticity is inversdly proportiona to the dis-
tance between particles. If the drag force increases to over-
come this dastic force together with the effective weight of
the particle, the particle agglomerate will be deformed by tak-
ing particles away from the agglomerate. It is important to un-
derstand the fact that the attraction force has zero-sum effect
on an individua particle. In other words, a particle is attracted
upward and downward smultaneoudy by particles placed above
and below. The strengths of these attraction forces acting on
a particle are equivalent since particles are equally magnetiz-
ed. Therefore, the net magnetic forces which pull a particle
downward and upward have a null effect. This equilibrium con-
dition is vaid for al particles in an MSB except particles on
the top layer of the bed. Particles on the top layer do not have
any particles sitting above them; therefore, these particles have
a magnetic attraction force which pulls them downward only.
In order to fluidize these particles, i.e. to detach them from the
agglomerate, the drag force should be the same as the sum
of the effective weight of a particle itself and the magnetic
interparticle force which keeps the particle from moving away.
The fluidization velocity which causes the detachment of par-
ticles of the top layer of the bed is termed as a deformation
velocity of an MSB. As soon as particles on the top of the
agglomerate are detached the resultant effect will be immediate-
ly transferred to particles lower layer. We can consider, there-
fore, that the separation of partides eventudly occurs a the same
time. Accordingly, the magnetic interparticle forces may be con-
Sdered as an implicit force which seemingly pulls partides down.

When the pressure drop becomes equivalent to the weight
of a bed but the bed is ill not homogeneoudy fluidized, this
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Fig. 3. Force balance acting around a single particle.

Gravitational force, F o

implies that the magnetic interparticle forces are so strong that
the whole bed may be levitated through the bed column at
higher fluidizetion velocity [Kirko and Filippv, 1960; Filippov,
1960; Katz and Sears, 1969; Rosenswvelg, 1979, b; Segdl, 1982,
1987, 1988; Saxena and Shrivastava, 1990, 1991].

For the incipient bed expansion in an MSB, the force bal-
ance around a single particle including magnetic interparti-
cle force is illustrated in Fig. 3. The force baance can be
formulated as follows:

Magnetic _—
L:D()rige}{ngﬁlgt}:knterzga\rticula+{era\£éfge()nal} @
Force
Based on Eq. (4), we can determine the interparticle force act-
ing on a sngle particle just measuring fluidization velocity and
bed porosity at the incipient fluidization, which is the defor-
mation point. The fluidization velocity at the deformation point

is defined as a deformation velocity.

The totd rate of energy disspation can be expressed in terms
of the overall pressure drop and the tota drag force on par-
ticles. This relation is given:

DP=F, A (5)
The drag force acting around a single particle is:

_Fo_pd;ADP
"N eV, ©)

To obtain the drag force required for detaching particles from
the top layer of the bed, the Ergun equation thet fits well through-
out whole flow regimes can be applied.

_r WUih1e
T d, e g0

Subsgtituting Eq. (7) into Eq. (6) yields the find expression
for the drag force acting on a single particle applicable for the
initial stage of the bed expansion:

_pdr Uz l1-e

Fo="ges ?50dpr U.am

1-e
dor (Usmm

DP

5
+l'75z (7

+1.75g (8)

The effective weight of particle, F,, proposed by Foscolo
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and Gibilaro [1984] is commonly expressed as follows:
3
=28 1 )ge ©

The interparticle forces acting on a particle, F,;,, can be ob-
tained from the difference between the drag force exerted on
a paticle of the top layer of the bed and the effective weight
of particles.

Fam = Fd_Fe (10)

When Eqg. (8) and Eq. (9) are subgtituted into Eq. (10) the
interparticle force becomes

Fawr = pdﬁr fUé

3
6a® gaso a4 rlfffqn* 1.75;,L IC%d”(r T ge (11)
The deformation velocity, U, is explicitly embedded in Eq. (11)
in a quadratic form.

3.Modd to Predict the Transtion Point from a Homoge-
neous to a Heterogeneous Fluidization Regime

One of the main purposes of this study is to develop an ex-
plicit modd to predict the trangtion point from a homogeneous
to a heterogeneous fluidization in an MSFB. A flowing substance
becomes ungtable when the continuity wave velocity surpasses
the dastic wave vdocity [Wadlis 1969]. The ungahility of a flow-
ing medium commonly indicates a bubble formation in a fluidiz-
ed bed. This criterion has been gpplied to predict bubbling points
in conventiond fluidized beds. However, interparticle forces have
been usudly neglected. Few works have been done on MSFBs
where interparticle forces become dominant. Only Foscolo et d.
[1985] induded the interparticle forces in their modified moded
for the prediction of a trangtion point in MSFBs.

The strength of magnetic interparticle forces drastically de-
creases in an expanded bed operating in a particulate regime.
The expangon of the bed can be directly interpreted as the in-
crease of distance between particles. The extenson of the dis
tance between particles will result in a decrease of the inter-
particle force and a decrease of the eastic wave velocity S-
multaneoudly.

If the fluidization velocity increases over the deformation veloc-
ity, a bed will be transformed from stabilized condition into an
aggregate fluidization through a particulate fluidization. Now, the
transition point is defined as a condition where the fluidiza
tion of an MSFB transforms from a homogeneous to a heter-
ogeneous fluidization. An MSFB transformed to a homogeneous
or heterogeneous fluidization mode is defined as a magneti-
caly fluidized bed (MFB). The occurrence of the transition
point varies with the magnetic field intengty. If the magnetic
fidd intengty incresses, the interparticle force will become strong-
er. Therefore, the increase of the interparticle force affects the
fluidization of a bed and increases the eastic wave velocity a
the same time. The increase of the dagtic wave velocity con-
tributes to the improvement of the Sability of fluidization. Hence,
we will consder that the gtability of fluidization can be im-
proved by ‘atificialy’ crested interparticle force.

We assumed that particles in an MFB are uniformly fluid-
ized and the configuration of particles is a cubica arrangement
shown in Fig. 4. Let the line segment AO be the distance

I
.
I

T

—_——————— -

magnetized particles
Fig. 4. Configuration of particles in a particulate fluidization
regime.

between the centered particle within the cube and a particle
located on a corner of the cube. Letting BC be the length of
one side of the cube, |, gives us the length between point A
and C in terms of | . The distance between the centered par-
ticle and particles located on the corner of the cube is:

no=hL2 (12)

The tota volume of particles included in a cube is equiva
lent to the volume of two patides If we assume thet the whole
bed consgts of the combination of these cubes, the bed poros-
ity can be represented with the porodity of a single cube.

total volume of particles within cube 1 pd:
single cube volume BEE

e=1
The length of each edge of the cube, 1, is:
3 3
_|_pd
I = 31-9 (13)

The distance between the centered particle and a particle on
a corner of the cube, r, is

SR - 14
fa=25n (90-a) ~ ~-°'N3(1-9 (14)

The distance between the body-centered particle and a particle
on the same vertical axis as the body-centered partide, r,, is

3 dg
R (15)
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The total interparticle forces acting on the body-centered parti-
clein an MFB can be obtained as follows:

= J’M‘%@;,lb
T 2p ery rig

(1o (16
P

=2.017

The continuity wave velocity in a flowing medium has been
sudied by severa researchers [Sis et d., 1959; Wadllis et 4.,
1969; Masxy et d., 1979]. Sis et d. [1959] developed a mod-
d of the continuity wave velocity by consdering the sep change
of the fluidizing velocity in aliquid fluidized bed of solid par-
ticles. The equation of state in a liquid-solid system proposed
by Richardson-Zaki [1954] is:

F=Ue" 17

The continuity wave velocity obtained by Slis et d. [1959] by
using Richardson-Zaki equation could be expressed in the form
of :

U.=nU,(1-e)e™* (18)

The vaue of n in the Richardson-Zaki equation, Eq. (17),
represents the characteridtic of the particle and a function of Re
and the wall effect on the bed. Rowe [1987] developed a Sm-
ple relation to caculate the vaue of the exponent, n, as a func-
tion of the Reynolds number, Re, of a free sdttling particle.

n=2.35(2+0.175Re*) {1+0.175Ref) (19)

For gas-solid fluidization, Foscolo et a. [1985] suggested that
the Richardson-Zaki exponent, n, is reasonably applicable for
the particulate gas-solid fluidization system when they compare
the experimentally determined value with the caculated value
of n.

A flowing substance has dadtic properties and responds to a
change of flow conditions in different ways Massey [1979] sug-
gested that the variation of pressure initiates the dendity varia-
tion in a flow system. When pressure is suddenly changed the
flowing substance will be divided into two parts across a bound-
ary. Ahead of the boundary, the pressure change is not ad-
justed yet. Behind of the boundary, the change is dready ad-
justed. This boundary formed due to the step change of pres-
sure was termed a pressure wave. The pressure wave will be
propagating forward due to the pressure gradient. For an in-
compressible fluid, the rate of the wave propagation is instan-
taneous. For a compressible fluid, however, the propagation rates
differ from each other. Wallis [1969] also suggested that the
net force on a flowing substance produced by the concentration
gradient generates the dagtic wave. Massey [1979] obtained an
expression for the elastic wave velocity :

_gPg*
Ue_e‘drfﬂ (20)
In a particulate fluidization, the drag force acting on a single

particle which belongs to a cross-section in a bed can be ca-
culated as:

dP

=

(21)
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where N, is the number of particles in a cross-section of a
bed :

_4(1-e)A
" pd;
Combining Eqg. (21) and Eq. (22) and subgtituting the result
into Eq. (20) yields

(22)

(1_e)61z2 = 61:12

Ue:é pd: @ &8

(23)

The generd expression for a drag force on a single particle in

a fluidized bed, F,, was proposed by Gibildlo et d. [1985].
..4.8/n

Fq= théufg

es (24)
Replace F, and F, in Eqg. (10) according to Eg. (9) and Eq.
(24), respectively, to get a net force on a particle due to a
pressure change

,.4.8/n d3
F:thg%sg e -3-8—'%’0 =T 1)ge (25)
Since both the bed density and the net force on a particle
are dependent on bed porosity, we can obtain the explicit form
of the TF/Ar, by differentiaing both variables with respect to
bed porosity,

1F _, gP%, _
ﬂrb_4'8 5 (ro—rgw, (26)
When we subgtitute Eq. (26) into Eq. (23), we can obtain the
elagtic wave veocity as a function of the bed porosty only in
a fluidized bed

U, = B0-€)5 g gP L 9o )5
““epd €6 r, O

=[3.2 gdy(r p=1 )(1-)7 ;] ** @7

The obtained eagtic wave velocity, Eq. (25), does not in-
clude the interparticle force which has a dominant effect in an
MSFB. According to the foregoing discussion, the magnetic
interparticle forces act as implicit forces which pull particles
downward. A particle is attracted upward by an upper paticle
but it is atracted downward by a lower particle Smultaneous-
ly. Both the attracting forces exerted by upper and lower parti-
cdes are the same magnitude of strength since the induced mag-
netic field intensity is assumed to be constant and the mag-
netization of al particles is the same. Therefore, the net mag-
netic force acting on a single particle can be null. However,
there exigts certain eadtic force acting between two particles
even though the net magnetic force acting on a single parti-
ceis null.

When pressure in a fluidized bed is changed suddenly, the
energy disspation around a single particle will be caused. This
energy disspation can be represented as the difference between
the drag force produced with fluidizing fluid and the summa
tion of the effective weight of a sngle patide and the magnetic
interparticle force, which tend to pull down a sngle paticle The
difference between drag force and effective weight of particle
may be dependent on the bed density. The magnetic interparticle
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force is a function of bed porodty as well. Therefore, Eq. (23)
can be modified by taking into account the effect of interparti-
cle force in the force balance as follows:

aé(l_e)o “H8F 0"
Ue=¢ od o &, —dFm (28)
Here, we have aready obtained the first term in the second

bracket of Eq. (28) in Eqg. (26). ThedF,, can be expressed as
follows:

1 Fattr _2.69 mmm
Te

When we plug both Eq. (26) and Eq. (29) into Eq. (28) we
will get the final form of the eagtic wave velocity in the form
of

dFu = = - (29

e éé(p%o 5%8pdp(r —rf)gq _dFattr
:é%'ngP(r (-, _4(1-¢)

e dF

x (30)

wheredF,,, was given in Eq. (29).
RESULTS AND DISCUSSION

The continuity wave velocity curve according to Eq. (18) in
a particulate fluidization regime is shown in Fig. 5 for the case
of gtedl shot of diameter 100 nm with air as a fluidizing fluid.
The dadtic wave velocity curve shown in Fig. 6 was obtained
from Eg. (30) under the same condition as above. This curve
depends on the diameter of particles, the intensity of a mag-
netic field, and the degree of magnetization of particles. The
elagtic wave velocity curve represents the characteristic of the
dadticity of a flowing medium. Furthermore, when the inter-
particle force is increased the whole curve tends to move up-
ward dong the y-axis. This movement of the dadtic curve cor-
responding to the increase of the interparticle force produces the
more dable fluidization. Severd investigators [Sis, 1959; Wallis,
1969; Verloop and Heertjes, 1970; Foscolo and Gibilaro, 1984;
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Fig. 5. Continuity wave velocity in a particulate fluidization re-
gime according to Eq. (18).
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Fig. 6. Elagtic wave vedocity in particulate fluidization regime
according to Eqg. (30).

Foscolo et d., 1985; Gibilaro, 1986; Flemmer and Clark, 1987;
Cox and Clark, 1991] have studied the wave velocities in order
to correlate wave velocities to predict the trangtion point from
a homogeneous to a heterogeneous fluidization mode.

Wallis [1969] proposed that a flowing substance becomes
unstable when a continuity wave velocity surpasses an eadtic
wave velocity. According to this criterion, one can dassfy flu-
idization into three regimes.

U, >U. homogeneous fluidization
Us=U, trandtion from particulate to aggregate fluidization
U<U. aggregate fluidization

The above criteria enable us to predict the trandition point
from a homogeneous to a heterogeneous fluidization regime
by comparing the continuity and elastic wave velocities. As
shown in Fig. 7, the dastic wave velocity increases with an
increase in magnetic field intensity where the strength of the
interparticle force is in the order of Fu o< Far: < Farz < Fars

Particle : steel
Size : 100 pm

1 Particulate
_fluidization
reglme

. Faltr,:i U

e
o

S
o

R Fa(lr,]

Aggregat-e;ﬁixidizati‘orn regiirié~~ o

Wave velocities, U, and U, [m/sec]
=3
[

R ,,Ea&!r,.!l,
0.0 -

0.4 05 0.6 07 0.8 0.9 1.0
Porosity, e [ -]

Fig. 7. Prediction of the trandgtion point at different magnetic
fidd intengties by a comparison of the continuity wave
velocity, U, (solid line) according to Eq. (18) and the
eadic wave vdocity, U,, (dotted lines) given in Eq. (30).
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The fluidization condition is completely unstable in the absence
of a magnetic field (for the case of F,, ). With the increasse
of the magnetic field intengty from F,,, up to F,, ; the dagtic
wave velocity increases accordingly. The predicted transition
point of fluidization mode, as a vaue of bed porosity, was in-
creased correspondingly. Particulate fluidization will be main-
tained as long as bed porosity is less than the vaue a the
cross point of the elastic and continuity wave velocities. The
shaded area indicates the particulate fluidization regime.
Using experimentd data obtained by Saxena and Shrivestava
[1990, 1991], we calculate the interparticle force a a stabiliz-
ed condition and the bed porosity a transition point respec-
tively. Based on our model for deformation point, we calcu-
late interparticle force acting on a single particle. The mag-
netizetion of the particle does not change even when the bed
is transformed from stabilized to particulate fluidization. Fig.
8 shows that the estimated interparticle force according to Eq.
(10) became stronger with the increase of magnetic field inten-
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Fig. 8. Relation between interparticle force and the magnetic
fidd intensity applied to a fluidized bed.
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Fig. 9. Comparison between the experimentally obtained bed
porosity and the predicted bed porosity from the pro-
posed modd.
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Sty. It is obvious that the increase of the interparticle force
is due to the increase of magnetic dipole moment of a parti-
cle. The comparison of the trangtion point in terms of bed po-
rogity is shown in Fig. 9. The experimentally determined bed
porosty and the predicted vaues of the bed porogty were plott-
ed and the diagona line indicates exact matching points be-
tween the predicted vaues and experimentally determined va-
ues. The predicted bed porosity was etimated from the mode
where the dastic wave and continuity wave velocities became
equd. The result shown in Fig. 9 demongrates the proposed
modd predicts the trandtion point with considerable accuracy.
The discrepancy at higher bed porosity was presumably due to
ether channeling or/and bubbling. In these cases, we guess that
a grester portion of the fluidizing fluid may pass through the
formed channels or in the form of bubbles rather than pass-
ing by individua particles due to the high velocity of the fluid.

CONCLUSIONS

According to this study on a theoreticd model to predict
the transition point from a homogeneous to a heterogeneous
fluidization regime under the influence of an externdly applied
magnetic field in fluidized bed we conclude the following.

1. The interparticle force generated by the magnetization of
particles is the main reason for the different behavior of flu-
idized particles in MSFBs. Based on Fig. 8, we observe that
the cdculated interparticle force becomes stronger as the ap-
plied magnetic field intensity increases.

2. The magnetic interparticle force can improve the stability
of fluidization. Fig. 7 illustrates that the bed porosity at the
trangition point of the fluidization regime increases with in-
creasng magnetic interparticle force. This implies that stable
fluidization can be retained up to a higher fluidization velocity
by increasing interparticle force mediated by the externaly ap-
plied magnetic field.

3. The interparticle force on the fluidization of particles (i.e,
Gddart's class C fine powders) may have two different effects.
Firg, the interparticle force acts as a pogtive factor to make a
bed fluidized when the interparticle force is moderately strong.
Second, the interparticle force may be considered as a nega-
tive factor restricting fluidization of the bed when the interparti-
cle force is overwhemingly strong. Previoudy observed bed lev-
itation may correspond to this case. Therefore, the current moddl
will be vdid within proper strength of magnetic field intengty.

4. The deformation velocity where the trangition of fluidiza-
tion regime from stabilized to particulate fluidization took place
was explicitly embedded in the modd. One may attempt to
estimate the deformation velocity using the proposed model
equations once the physical properties of particles and fluid-
izing fluid together with magnetic field strength applied to a
bed are acquired.

5. According to the foregoing theoretical development, the
trangtion from a homogeneous to a heterogeneous fluidization
regime occurs where the continuity wave velocity exceeds the
elagtic wave velocity. The proposed modd incorporated the in-
terparticle force generated by the magnetic fied externdly ap-
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plied to a fluidized bed. Shown in Fig. 9, the modd demon-
strated that the model could predict the trandition point with
accuracy.

NOMENCLATURE

A :crosssectiona area of acylindrical bed [m?]

B :vector of the magnetic flux density [N/m]

d, :diameter of a spherica particle [mm]

F  :net force acting on a single particle [N]

F. :interparticle forces acting on a single particle by sur-
rounding particles [N]

F, :drag force exerted on a single particle [N]

Fx :drag force on an unhindered particle settling a termi-
na veocity [N]

F, :overal drag force exerted on particles in a bed [N]

F. :gravitationd force produced by the effective weight of

a paticle in a bed [N]

: gravitational acceleration [m/sec?]

: bed height [m]

: vectors of magnetic dipole moments [A ‘m?]

: potential energy at distance r from charge q [J]

: Richardson-Zaki exponent [-]

: number of particles in a fluidized bed [particles]

: number of particles in a cross-section of a bed [parti-

cles]

: pressure [N/m?]

: distance between two particles or two magnetic dipoles

[m]

r : vector of the line connecting two particles or two mag-
netic dipoles

rq :distance between a body-centered particle and a parti-
cle at a corner of a cube [m]

Re : Reynolds number a the terminal velocity of particle,
rud/ml[-]

re :digance between a body-centered particle and verticaly
located particles [m]

U, :deformation velocity which causes the transformation
of a magnetically stabilized bed from stabilized to par-
ticulate or aggregate fluidized condition [m/sec]

U. :€eadic wave velocity in abed [m/sec]

U, :supeficid fluid velocity [m/sec]

U, :termind velocity of a particle through unhindered fluid
[m/sec]

U, :continuity wave velocity in a bed [m/sec]

V, :total volume of particles in a bed [m?]

z 3 oaQ
3

Z2Z>

©

- T

Greek Letters

a, a': angles between axis of magnetization of a particle and
the line connecting centers of two particles or magnetic
dipoles [7]

: instantaneous bed porosity [-]

: viscosity of fluid [N -sec/m 7]

: magnetic permeability of a fluid [H/m]

: length of one side of a cube [mM]

: density of bed, r +(1- e)r , [kg/m’]

: density of fluid [kg/m’]

330®

_‘_‘_
- o

r, :density of particle [kg/m?
F : volumetric flow rate of liquid per unit area of empty
bed [m¥se(]
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