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Experimental observations on the fluid to solid transition in beds of magnetized fine particles
fluidized by gas are reported for different particle sizes (d,). Contrarily to stability analysis
prediction, the fluidized bed is stabilized by a sufficiently strong magnetic field in the cross-flow
configuration. As the strength H of the horizontally applied magnetic field is increased, particle
chaining in the bubbling bed becomes apparent due to the induced attractive magnetostatic forces
between the particles. In close analogy with magnetorheological fluids chain stability is determined
by the balance between gas flow shear and the interparticle magnetostatic force. The jamming
transition occurs at a gas velocity scaling proportionally to aI;H2 when the length of the stable chains
reaches a critical size which is independent of particle size. © 2010 American Institute of Physics.

[doi:10.1063/1.3480989]

I. INTRODUCTION

Magnetofluidized beds (MFBs) basically consist of mag-
netic particles suspended in a vertical gas flow and subjected
to a magnetic field. Relevant applications of MFBs can be
found in numerous examples such as chemical reactors tak-
ing advantage of their high gas-solid contact efficiency or
magnetically controlled valves. In general, the flow proper-
ties of magnetized particles is a matter of interdisciplinary
interest in a wide range of processes and scales besides of
MFBs. For example, the flow alignment of magnetic par-
ticles is used to identify palaecoflow directions in volcanic
rocks and sediments usually in the presence of external
fields.? Recently, the control of the structuring of magnetiz-
able nanoparticles on a mesoscopic scale has opened a new
area of research to achieve structures for a wide variety of
applications.3

Granular materials are generally characterized by a non-
equilibrium kinetic transition from a fluidlike to a solidlike
jammed regime.‘"5 At jamming the constituent particles are
suddenly arrested in a metastable static state forming a solid
disordered network that spans the system. The jamming tran-
sition has been described by a phase diagram parametrized
by interparticle attractive force, temperature, particle volume
fraction, and applied stress.* In the case of MFBs, jamming
of athermal magnetic particles is driven by the magnetic
stress induced by the externally applied magnetic field. Par-
ticle size in these systems is usually of the order of tens to
hundreds of microns, thus van der Waals forces and Brown-
ian motion are fully negligible. In MFBs particle sedimenta-
tion is avoided by subjecting the bed to a countergravity
directed gas flow in such a way that the gas pressure drop
across the powder balances the material weight per unit area.
Fluidized beds are commonly unstable, being characterized
by the rapid developments of gas bubbles and large fluctua-
tions of the gas velocity in close analogy with the behavior
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of sedimenting particle suspensions.4’6 Gas bubbles can be
suppressed in MFBs by the application of a sufficiently
strong magnetic field that causes the jamming of the par-
ticles. Usually, the field strength needed for jamming is pre-
sented as a function of the nondimensional number N,,, de-
fined as the ratio of the solids kinetic energy per unit volume
to the magnetic energy. According to Rosensweig stability
analysis, based on spatially averaged mass and momentum
conservation equations, magnetic stabilization would take
place under the condition N,,N,<1. For magnetically linear
solids,  N,=4m3-2(1-)*(1+ px,)/[(1- )¢ cos® @],
being ¢ the particle volume fraction, ¢ the angle between
the magnetic field and the direction of the gas flow, and y,
the particles magnetic susceptibility. As N, is increased the
growth factor of local voidage perturbations is increased.
Stability in this continuum model is possible because the
magnetic body force arising from gradients of the void frac-
tion smoothes these perturbations. In the case of a cross-flow
field (¢=/2) the value of N, becomes infinite and magnetic
stabilization would not be possible. Yet, experimental ob-
servations have evidenced that cross-flow fields are also ca-
pable of stabilizing MFBs.” Thus, the physical mechanism
responsible for the jamming transition in MFBs is far from
being fully understood and a widely accepted equation to
predict the strength of the field necessary to stabilize MFBs
is lacking.

MFBs operated in the cross-flow field configuration bear
a close resemblance to magnetorheological fluids (MRFs), in
which micron-sized magnetic particles are suspended in non-
magnetic liquids.8 As in MFBs, particles in MRFs are mag-
netically multidomain and a magnetic field may induce in-
tense interparticle interactions leading to a transition from a
fluidlike to a solidlike regime. Essentially, it can be said that
the jamming transition in both MRFs and MFBs is charac-
terized by a common mechanism consisting of the formation
of chains of magnetized particles due to the strong magneto-
static interaction induced between them. According to a basic
chain model originally developed for MRFs, chain stability

© 2010 American Institute of Physics
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FIG. 1. (Color online) Sketch of the experimental setup used in the mag-
netofluidization experiments reported in this work.

in MRFs is ruled by the balance between shear and interpar-
ticle magnetic forces.” We present here an experimental work
aimed to look at the jamming transition of MFBs operated in
the cross-flow configuration. In close analogy with the be-
havior of MRFs it will be shown here that a modified chain
model is also able to capture the fundamentals of the physi-
cal mechanism behind jamming in MFBs.

Il. EXPERIMENTAL SETUP

Figure 1 schematizes the experimental setup used in our
work. The magnetic powder sample is held in a vertically
oriented cylindrical vessel made of polycarbonate (D
=2.54 cm internal diameter) and rests on a porous plate that
acts as gas distributor (5 wm pore size). By means of a mass
flow controller (MKS model 1179A, 2000 cm*/min full
scale), a controlled flow of filtered and dried air is pumped
through the powder bed while the gas pressure drop Ap
across it is read from a differential pressure transducer (MKS
model 220CD, 10 Torr full scale). The height of the bed,
which gives an average value of the particle volume fraction
¢, is measured by means of an ultrasonic sensor (Senix
model Ultra-S) placed on top of the vessel. This device can
determine distance, with an accuracy smaller than local fluc-
tuations in bed height, by sending an ultrasonic wave and
measuring the time of reflection from the target. Our mag-
netic powders have been tested as affected by a horizontal
uniform magnetic field externally imposed (cross-flow con-
figuration). This is accomplished by placing the bed in the
center of a pair of square Helmholtz coils (50 X 50 c¢m), with
each coil consisting of 500 turns of 2 mm diameter copper
wire. The magnetic field strength H in the close vicinity of
the bed is measured by a Hirst magnetics Gauss meter using
an axial probe with an accuracy less than 0.1 mT. Experi-
mental measurements show that, within this experimental ac-
curacy, the external field strength is constant in a volume
larger than the bed volume.

lll. MAGNETIC POWDERS

The magnetic powders used in the experiments consist
of magnetite particles of similar permeability but different
particle size d,, (35, 50, and 65 um) artificially made by
Xerox Co. and used in practice as carriers of toner particles
in the xerographic process. Solid density p,, as measured by
means of a AccuPyc 1330 pycnometer, is 5060 kg/m?>. As

J. Appl. Phys. 108, 054903 (2010)

FIG. 2. SEM photograph of 35 um (top) and 65 wum (bottom) sized mag-
netite beads used in the experiments.

seen in scanning electron microscopy (SEM) photographs
(Fig. 2) these particles are spherically shaped and rather
monodisperse.

In the range of field strengths applied (H<5 kA/m),
the magnetic response of the powders used in our experi-
ments is linear and reversible. This can be observed in Fig. 3,
showing experimental data on magnetic characterization of
the magnetite powders performed by means of a supercon-
ducting quantum interference device (SQUID) magnetome-
ter, where around 1 mg samples were tested. As expected the
samples susceptibility y obtained were similar: x=2.98(d,
=35 um), 2.78(d,=50 um), and 2.60(d,=65 um). Accord-
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FIG. 3. (Color online) Magnetization of bulk samples of the magnetite
powders used in the experiments vs applied field as measured by SQUID
magnetometer. The main graph shows the magnetorheological behavior
in the interval of field intensities used in our magnetofluidization experi-
ments. The inset shows the magnetorheological behavior in an extended
range of field strengths, showing that the magnetization saturates for H
=100 kA/m.
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ing to effective medium theories and numerical analysis on
random granular materials,'® the susceptibility y of a bed of
magnetically linear spherical particles of susceptibility y,, lo-

cated in a homogeneous environment of susceptibility x, can
be calculated from the Bruggeman mixing rule

Xo— X o XpT X
3+ x0+2x q}3+X[,+2X

(1-9) (1)
where in our case y,=0. While the SQUID tests served to
check the magnetically linear behavior of the powders tested
it is difficult to derive x, from these measurements since ¢
cannot be accurately known for the tiny amount of powder
samples used. A complementary method employed to obtain
X, consisted of measuring the change in self-inductance L of
a single layer solenoid (number of turns: 300, radius: 41 mm,
and length: 16 cm) as the powder was poured into it. In order
to measure L we used a precision LCR bridge (model
LCR400 Thurlby Thandar Instruments). An advantage of
the L-method is that the average particle volume fraction ¢
of the tested samples (of mass about 450 g) filling the inside
of the coil could be precisely obtained, which allowed us
to estimate ), from the averaging Bruggeman equation.
The results were: xy=2.37, ¢=0.425, x,=9.52(d,=35 um);
Xx=2.33, ¢=0.417, x,=9.72(d,=50 pm); and x=2.42, ¢
=0.431, x,=9.48(d,=65 um). Hunt et al."' has reviewed
data from the literature reported for magnetite particles of
size between 0.01 and 100 wm made from either crushing or
crystal growing, which ranged between 2.5 and 10. Thus our
results fit in the range of reported values.

IV. EXPERIMENTAL RESULTS

In the experimental procedure the bed is first initialized
by subjecting it to a gas velocity large enough to drive it into
a bubbling state in which the powder looses memory of pre-
vious processes.12 Once the bed reaches a stationary bub-
bling regime the horizontal magnetic field is applied. When
the magnetic field is applied, the initial gas velocity must be
sufficiently large to keep the bed in the bubbling regime. The
formation of macroscopic chains at this high gas velocity is
thus still offset by the intense hydrodynamic shear. Then the
gas velocity v, is slowly decreased while the gas pressure
drop across the bed Ap is measured. Figure 4 illustrates data
on Ap versus v,, showing the effect of the applied field
on the behavior of the system. As v, is slowly decreased and
the bed is still in the fluidlike bubbling regime, Ap balances
the powder weight per unit area W==510 Pa. However,
chaining becomes progressively noticeable in the magnetized
bed as evidenced by Fig. 5, which illustrates particle chains
elutriated from the MFB. Image samples were obtained by
approaching a card of adhesive tape to the free surface. Re-
markably, the layer of powder adhered to the tape revealed
the presence of chains oriented at a preferential angle 6
=60° with respect to the direction of the applied field. As a
first relevant result these images show that particle chaining
does not occur along field lines in the cross-flow MFB. As v,
is further decreased the hydrodynamic shear becomes less
intense and at a critical gas velocity v,=v. the system is
jammed because of the prevailing magnetostatic attractive
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FIG. 4. Gas pressure drop across the powder bed (made nondimensional
with the powder weight per unit area W) as a function of gas velocity during
the fluidization-defluidization cycles in the absence of magnetic field (top)
and presence of a magnetic field (bottom) of strength H=2.4 kA/m. The
bed is jammed at v,=v,, which is indicated.

force between the particles, thus transiting to a solidlike re-
gime. Further decrease in v, below v, causes Ap to fall be-
low W since part of the weight is sustained by the enduring
network of interparticle contacts in the jammed bed. This
allows us to identify v, from the gas pressure drop measure-
ments. The effect of the field on the jamming transition ve-
locity v, is seen in Fig. 4, showing that the presence of the
field induces jamming at higher gas velocities as the strength
of the field is increased. Figure 6 illustrates Ap versus v,
data for fixed field strength and different particle sizes. As
can be seen the effect of the field becomes more relevant as
particle size is increased. Data of v,. are plotted in Fig. 7 as a
function of the magnetic field strength H for the three par-
ticle sizes tested (each data point corresponds to an average
over around 15 measurements).

FIG. 5. Optical microscope images of the magnetite particles taken from
the bubbling fluidized bed in the presence of a magnetic field. Top:
dp=35 pm, H=32kA/m, and vg=2 cm/s. Bottom: dp=65 pm, H
=5.2kA/m, and v,=6.6 cm/s. The angle 6 depicted is 60°.
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FIG. 6. Gas pressure drop across the powder bed (made nondimensional
with the powder weight per unit area W) as a function of gas velocity during
the fluidization-defluidization cycles in the presence of a magnetic field of
strength H=2.8 kA/m. The bed is jammed at v,=v,, which is indicated.

The effect of the magnetic field on bed expansion is
illustrated by Fig. 8, where the particle volume fraction ¢
measured as the gas velocity is decreased from the bubbling
regime is plotted against the gas velocity. In the bubbling
regime (v,>v,) the bursting of bubbles at the free surface
cause strong fluctuations of bed height, which give rise to
strong fluctuations of ¢. Note however that when the bed is
jammed (v,=<v,.) the intensity of fluctuations is suddenly
dropped since bed height remains stable. A remarkable fea-
ture revealed by Fig. 8 is that, in the absence of field, ¢
increases as the gas velocity is increased in the bubbling
regime (v,>v,), indicating an increase in the size and fre-
quency of bubbles, which is a well known property of bub-
bling fluidized beds.'® In contrast, we observe that, in the
presence of a magnetic field, ¢ remains approximately con-
stant in the bubbling regime, which suggests that the particle
chains formed are able to limit the growth of gas bubbles.
As seen in Figs. 4, Fig. 8 shows that chaining causes the
bed to be jammed at higher gas velocities. Moreover, it
demonstrates that jamming occurs in states of larger expan-
sion (smaller ¢). Figure 10 shows data of the particle volume
fraction at jamming as a function of the applied field
strength. It is observed that, in the absence of field, the
bed jams in more open structures as particle size is
decreased: ¢,=0.48(d,=65 um), 0.42(d,=50 um), and

5.5
065 um

A 50 um

—~
2
s O35um
N
S

H (kA/m)

FIG. 7. Gas velocity at jamming transition vs the strength of the magnetic
field applied. Solid lines are obtained from Eq. (6) using L,=0.35 cm as the
best fitting parameter for the three particle sizes.
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FIG. 8. Particle volume fraction ¢ of the fluidized bed (d,=35 um) as the
gas velocity v, is decreased from the bubbling regime in the absence of
applied magnetic field and in the presence of applied magnetic field of
strength H=3.7 kA/m. The inset shows snapshots of the jammed bed in the
absence (left) and presence (right) of magnetic field.

0.39(d,=35 um). This result has been usually reported in the
literature."* The decrease in particle size implies an increase
in natural cohesiveness thus producing relatively looser
packed structures. We observe however that as the strength
of the field is increased, particle chaining blurs the effect of
natural cohesiveness associated to particle size, indicating
the progressive prevalence of magnetostatic forces growing
with particle size.

V. DISCUSSION

MEFBs operated in the cross-flow configuration are simi-
lar systems to MRFs. Typically, the suspension of magnetic
particles in MRFs is placed between two horizontal plates
and a magnetic field H is applied in the vertical direction
solidifying the structure. The plates are sheared in the hori-
zontal direction at constant shear rate and the force per unit
surface needed to initiate flow is defined as the yield stress.
Basically, the dynamics of both systems is ruled by the com-
petition between particle chaining induced by the magnetic
field and the shear exerted by the fluid essentially in the
direction perpendicular to the field. In this section we will
show that a chain model originally developed for MRFs can
be extended to rationalize the jamming transition in MFBs.

If the ratio of the magnetic permeability of the particles
to that of the surrounding fluid (a=1+y,=pu,/ 1) is large,
multipolar interactions between the magnetized particles
play a relevant role. According to the multipolar expansion,
the force between two spheres of diameter d,, linearly mag-
netized by a field of strength H can be calculated by15

d 4
£, =f?n<—r2> [(2f) cos® 6 f, sin® O)il, + fr sin 264i,)].

)

Here r is the distance between the centers of the two spheres,
fo=(3/16)mu,d, BPH?, where B=(m,— )/ (w,+2py) and 6
is the angle between the chain and the field direction. The
force coefficients f; can be calculated in terms of the multi-
pole moments'>'® and depend on the magnetic permeability
and the distance between the particles. In the dipolar ap-
proximation (r/d,— ), f;=1. In the case of two spheres at
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FIG. 9. Critical stability angle of a chain from Eq. (5), and using reported
values in the literature for the force coefficients, as a function of the relative
permeability of the particles a=pu,/ ;. The solid line is a logarithmic fit to
the data.

contact (r/d,=1) and a=10, which approximately corre-
sponds to our case, it is f;=7.287, f,=0.6192, and fr
=1.5035."" The main effect of increasing the magnetic per-
meability of the particles is the increase in fj, which raises up
to f;=182.21 for =100, thus further enhancing the attrac-
tive interaction.

The mechanical stability of particle chains in MRFs has
been analyzed from a chain model based on the balance be-
tween the drag force exerted by the shearing fluid on a par-
ticle chain and the interparticle magnetostastic force.” In our
case, particle chains in the bubbling heterogeneous regime
are strained by gas velocity fluctuations. A strong fluctuation
of the gas velocity will produce on the particle chain a shear
force f; that opposes the magnetostatic attractive force f,,
between the particles thus limiting the growth of the chain.
Let us consider a linear chain of N particles oriented at an
angle 6 with H. Following the chain model, the angle that
the chain makes with the field can be computed by balancing
the tangential component of these forces, f,,ii,=fis Using
the multipolar expansion for the force between spheres at
contact [Eq. (2)], this gives

é—f sin 26
jﬁl_ Fcosﬂ'

Besides, mechanical stability requires that the radial compo-
nent of f,, prevails against the radial component of the shear
force, f,i,=fi,, or

fo _2f cos® @—f, sin® @
By combining Egs. (3) and (4), the critical stability angle 6,
is obtained as

2fy
2fr+fL

As can be seen in Fig. 9, where |6,| is plotted as a function of
a using reported values of the force coefficients,>' |6,
shows a logarithmic increase with a (|6,/(°)=6,+9.6 In a),
where 6,=39.2° corresponds to the dipolar approximation).
In our case (a=10) it is |,]=60°, and it reaches values
close to 90° as « approaches a=100. Further elaboration of
the model should take into account the hydrodynamic inter-
actions between particles in the chain, local field corrections,
long range interactions and polydispersity. The effects of

3)

(4)

sin @

tan’ 6, =

(5)

J. Appl. Phys. 108, 054903 (2010)

these corrections are considered in Ref. 9 for MRFs. Never-
theless it is worth noting that the chain angle observed by us
from a bubbling MFB (Fig. 5) is close to the value predicted
by the simplest approach. On the other hand, Eq. (5) predicts
that the critical stability angle must be independent of gas
velocity, particle size, and magnetic field strength. Accord-
ingly, we observe that the orientation of the chains is about
the same in pictures obtained for magnetite particles of dif-
ferent particle size, fluidized at different gas velocities and
for fields of different strength. A thorough experimental work
remains to be performed to confirm these observations. This
will be the scope of an independent work in which a nonin-
vasive visualization technique should be also devised. More-
over, the effects of cooperative behavior of the chains or
boundary conditions remain also to be addressed.

Let us now calculate the dependence of chain length on
field strength, which will serve us to have a deeper insight
into the jamming transition. According to experimental ob-
servations gas velocity fluctuations in fluidized beds are typi-
cally of the order of gas velocity (v,=v,) and may extend
to macroscopic sizes."”"® In our MFB chain model the strain
on the chain will be thus assumed to be caused by a fluctua-
tion of the gas velocity év, extending over the whole length
of the chain. We label particles in the chain from 1 to N.
Following the chain model, the shear force acting on the
particle at the end of the chain will be a sum over contribu-
tions from all particles further out in the chain f
2Ef:]1\]3777;dpiAvg, where Av, is the velocity gradient be-
tween two contacting particles in the chain (NAv,=dv
=v,), thus f;=3myd,v,N/2. Using Eqs. (3) and (4), the
chain length L.=Nd,, can be thus related to the magnetic field
strength H and the gas velocity v,

d? 2f,
L.~ —Bufr\| 7. 6
=7 gﬂﬂo fr A 2ra S, (6)

It must be taken into account that near jamming, chains are
crowded and there will be a strong interaction between the
chains which is not accounted for by this simple model of an
isolated chain. Furthermore the magnetic field strength
within the bulk of the bed H, will be decreased by demag-
netization. Thus, it will be H,=H—-«kM, where « is the de-
magnetization factor (k=0.5 for an infinite cylinder magne-
tized transversely to its axis) and M is the bulk
magnetization of the bed. In the case of a linearly magnetiz-
able material H,=H/(1+kY), where y=M/H,. Using data
on the particle volume fraction at jamming ¢= ¢, (Fig. 10)
and the Bruggeman equation [Eq. (1)], it is obtained that y
shows little variation around y = 2. Thus, the field strength is
decreased within the bulk of the bed by a factor of 0.5 ap-
proximately.

In Fig. 7 we plot v.=v.(0)+v.(H), where v.(0) is the
measured gas velocity at jamming in the absence of field and
v.(H) is calculated from Eq. (6), where L, has been taken as
a fitting parameter. The values of the force coefficients used
are the values reported for =10 in the literature'® and de-
magnetization has been considered by using H,, instead of H
in Eq. (6). The same value of L.(L.=0.35 cm) gives a good
fit to the data for the three particle sizes tested. It must be
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FIG. 10. (Color online) Particle volume fraction ¢ of the fluidized bed at the
jamming transition vs the strength of the magnetic field for different particle
sizes (indicated).

recognized that a single-chain model is too simple to yield a
fully predictive equation even though it is remarkable that a
single L, value serves to fit experimental data independently
of particle size. In particular, the interaction between chains
near the jamming transition should be considered in a more
elaborated analysis. Albeit, the single-chain model proposed
in this work is a first step enabling us to rationalize the scal-
ing of the gas velocity at jamming with particle size and field
strength observed experimentally.

V1. CONCLUSIONS

In conclusion, we have studied the jamming transition of
fluidized beds of magnetic particles as affected by an exter-
nally applied cross-flow magnetic field. In close analogy
with MRFs, the dynamics of MFBs in the cross-flow con-
figuration is seen to be mainly ruled by the balance between
the attractive magnetostatic force between the magnetized
particles and the shear force due to the fluidizing gas. As the
strength of the magnetic field H is increased, or the gas ve-
locity is decreased, particles tend to chain due to the progres-
sively growing prevalence of the magnetostatic attractive
force on the drag force produced on the chains by the gas
flow. It has been observed that particle chains are oriented

J. Appl. Phys. 108, 054903 (2010)

with respect to the applied field at a preferential angle, which
according to a chain model based on the balance between
magnetostatic and shear forces only depends on the relative
magnetic permeability of the particles. Contrarily to the pre-
dicted result from stability analysis, it is observed that the
MFB may be stabilized by a cross-flow magnetic field. The
growth of particle chains as the gas velocity is decreased
drives the system to a jamming transition at a critical gas
velocity. Experimental data on the gas velocity at jamming
are shown to be in accordance with the prediction by a
single-chain model when the length of particle chains
reaches a critical size which is independent of particle size d,,
and showing that the gas velocity at jamming scales propor-
tionally to d,H”.
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