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Abstract—The particle velocity and flow pattern of particles in fluidized beds of iron particles
(230 pm) were investigated under the influence of an external uniform axial magnetic field. A
uniform magnetic field was generated by passing a direct current through five solenoids. A
sensitive optical measuring system, based on the detection of light reflected by particles, was
used to measure the particle velocity in the dense phase.

The particle velocity was measured as a function of the superficial fluidizing air velocity,
magnetic field intensity and position in the bed. The experimental results revealed that the
particle velocity was zero in a magnetically stabilized fluidized bed (MSFB). The particle
velocity in a magnetized bubbling fluidized bed (MBFB) decreased as the magnetic field
intensity and radial distance from the axis of bed column increased, and as the superficial gas
velocity, and axial distance from the distributor decreased. The magnitude and direction of the
particle velocity were calculated by using the equation: V), =L, /(r}+72)"* and
@ =tan"'(r,/r,). The following general correlation was developed to predict the axial transit
time (7,): 1/z,=1/7, ~(1/7,, —=1/7,,) (r/R)®, where 7, and 7_, represent the axial transit
time at the bed center and at the bed wall, respectively, and B is a parameter. All were functions
of the air velocity, the distance from the distributor and the magnetic field intensity, and all had
similar forms as follows : 41(z/hy)**(UJU,,y**{exp[44(z/hs)+AS5(Uy U,p] } H*®. Results obtained
in time-averaged particle velocity experiments were close to those obtained through simulation.
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INTRODUCTION

A fluidized bed of magnetizable particles under
the influence of an external magnetic field is called a
magnetofluidized bed (MFB). An expanded MFB
without bubbles is called a magnetically stabilized
fluidized bed (MSFB). An MSFB is a fluid-particle
contactor that shares a number of advantages with
packed beds and fluidized beds. Similar to fluidized
beds, the solids in an MFB resemble a liquid and are
easily transported between vessels. The loading of
particles is also easier as the particles move in and
out of the bed continuously. Because the magnetic
forces in an MSFB suppress the formation of bubbles,
its contacting efficiencies are close to those of a
fixed bed without gas bubbles or solid back mixing.
Local temperatures and particle distributions in an
MSFB are much more uniform than those in fixed
beds. The gas phase flows through the MSFB in
nearly plug flow and has a narrow residence time
distribution similar to that of fixed beds. MSFBs are
used extensively in affinity chromatography, aerosol
filtration, particle separation, biological separation,
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gas separation, ammonia synthesis, and ethanol fer-
mentation. A review of research on these topics can
be found elsewhere (Liu et al., 1991). An MFB with
bubbles is called a magnetically bubbling fluidized
bed (MBFB). By regulating the magnetic field inten-
sity and superficial gas velocity in an MBFB, one
can obtain a desired radial voidage profile and bub-
ble size (Lin and Leu, 2001; Jovanovic ef al., 1989;
Jovanovic and Jovanovic, 1993). Examination of the
flow properties of particles is essential to the design
and application of MFBs.

The available techniques for local particle ve-
locity measurement can essentially be classified into
seven categories: (1) drag force methods (Heertjes et
al., 1970; Botterill and Bessant, 1976; Raso et al.,
1983), (2) heat transfer methods (Marsheck and Go-
mezplata, 1965), (3) electrostatic probe methods
(Klinzing ef al.,1987), (4) laser Doppler velocimetry
methods (Levy and Lockwood, 1983; Tsuji et al.,
1984; Yianneskis, 1987; Yang et al., 1992), (5) fluo-
rescent particle methods (Hamdullahpur ef al., 1987,
Morooka et al., 1989), (6) tracer methods (Rao and
Venkateswarlu, 1973; Merry and DaVidson, 1973,
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van Velzen et al., 1974; Stein et al., 2000) and (7)
statistical correlation methods (Oki and Walawender,
1977; Patrose and Caram, 1982; Nieuwland et al,
1996; Zhang and Zhu, 2000). A correlation tech-
nique in conjunction with a fiber optical system is
the most widely-used method. Many researches have
studied on the local particle velocity in circulating
fluidized beds (CFBs) by using reflective optical
probe systems. (Nieuwland. et al., 1996; Horio et al.,
1988; Hartge ef al.,1988; Herbert ef al., 1994; Tung
et al., 1988; Zhang et al., 1991). Only a few works
have studied local particle velocity measurement in
dense fluidized beds (Patrose and Caram, 1982;
Dencs, 1995). The reason may be the complexity of
the dense beds. The local velocity measured in CFBs
(dilute phase) is the velocity of clusters (a group of
particles), while the local velocity in MFBs or bub-
bling beds (dense phase) is the velocity of a single
particle. For Geldart group A and B powders
(Geldart, 1973) in CFBs, the ratio of the maximum
cluster diameter to the particle diameter is about 140
and 20, respectively (Xia ef al., 1993). The size of a
single particle is smaller than that of a cluster. There-
fore, determining of the particle velocity in MFBs or
bubbling beds is more difficult than in CFBs. The
size of the probe must be small enough for it to be

able to detect light reflected from individual particles.

The smaller the particles are, the more difficult it is
to design the probe. Usually, the mean diameter of
particles in studies performed using reflective optical
probes have been between 500 um and 1118 pm (Pa-
trose and Caram, 1982; Dencs, 1995). A new optical
fiber probe which can be used to determine the ve-
locity of a single particle whose mean diameter is
smaller than 500 pum in the dense phase is needed.
The purpose of this study was to develop a new opti-
cal fiber probe that can be used to measure the veloc-
ity of small individual particles (iron particles of
Geldart group B powders, d,= 230 um, were used
here) in MFBs in order to study the particle motion
and obtain detailed information about the particle
dynamics, which is crucial for the design and appli-
cation of MFBs.

EXPERIMENTAL FACILITY

The experimental facility is shown schemati-
cally in Fig. 1. It consisted of an air supply system, a
fluidization column, a specially designed electro-
magnet, an off-gas cleaning system and a data acqui-
sition system. The fluidization column was con-
structed from 1 cm thick 100 cm long transparent
Plexiglas pipe with a 5 cm i.d. The column was
equipped with a perforated distributor with a 4.96 %-
open area. Five solenoids with a 22.6 cm inner di-
ameter, 2 cm axial width and 2,663 turns of 19 SWG

1. Air compressor

2. Surge tank

3. Rotameter

4. Needle valve

5. Distributor

6. Bed

7. Solenoids

8. DC power supply

9. Cyclone separator
10. Bag filter

11. Gauss meter
12. Pressure transducer
13. A/D card
14. FFT analyzer

15. He-Ne gas laser

16. Optical fiber probe
17. Photo-multiplier tube
18. H. V. DC power supply
19. Pre-amplifer
20. Photon counter
21. Personal computer
P1-P3 Pressure tap

Fig. 1. Experimental setup.

magnet wire were used to generate an axial magnetic
field. The distance between the midpoints of the ax-
ial widths of the two solenoids is 11.3 ¢cm or 5.8 cm.
The magnetic field intensity distribution obtained by
using this specially designed electromagnet is shown
elsewhere (Lin and Leu, 2001).

An optical fiber probe was installed at different
levels above the distributor along the bed, and it
could be moved horizontally for measurements at
different radial positions. 1706.1 g of iron particles
were fed into the fluidization column. The static bed
height (%) was 18.9 cm. The measured particle ve-
locity was the local, time-averaged value for each
radial position. The sampling frequency was set to 2-
20 kHz. For a lower particle velocity, a lower sam-
pling frequency could be used. Each velocity value
reported here is the average of more than 300 sam-
pled velocities. The signal sequences on two receiv-

ing fibers can not be processed with the cross-

correlation method (Oki and Walawender, 1977)
because of the complexity of the motion of the parti-
cles in the MFBs and the small size of the particles.
The smaller the size of particles is, the more stochas-
tic the signal sequences are. Therefore, here the volt-
age values recorded in an analyzer were used to
process by means of the transit time method (Patrose
and Caram, 1982). The particle velocity was meas-
ured at eight radial positions between the bed wall
and the center of the bed, because eight points were
considered sufficient to construct the particle
velocity profile in the bed, which had a 5 cm i.d.
When the particle velocity was measured, a magnetic
field was applied at a fixed superficial gas velocity to
the particles, which were already fluidized; the
mode of this operation was the “magnetization
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Table 1. The properties of the solid particles.

Solid Particles ' Iron
Classification of Geldart particles Group B
Shape Spherical
Size range (um) 212-250
Mean diameter (pum) 230

True density (kg/m®) 7860
Minimum fluidization velocity, U, * (m/s) ~ 0.135
Terminal velocity, ¥, (m/s) 4276

* Measured value without an applied magnetic field.
® Calculated value.
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Fig. 2. Optical fiber probe (dimensions are in pm).

LAST” mode, according to the classification of Hris-
tov (1998). The properties of the solid particles used
in this study are listed in Table 1.

OPTICAL FIBER PROBE CALIBRATION AND
MEASUREMENT TECHNIQUE

An optical fiber probe with a length of 15 cm
and a diameter 3.2 mm was specially designed for
taking measurements of the particle velocity in the
dense beds studied here. The optical fiber probe con-
sisted of three 62.5 um core diameter glass optical
fibers (Fig. 2). One central optical fiber was used to
illuminate the measuring site. The light source was a
5 mW He-Ne laser. Light was reflected back by a
particle at the tip of an illuminated probe into two
other optical fibers located above and below the cen-
tral optical fiber. Figure 3 shows the time difference
of two signal sequences. The time delay between the
two signals was obtained by calculating the time dif-
ference. If the trajectory of a particle was parallel to
the connecting line of the two receiving fibers, the
particle velocity was calculated by using the follow-
ing equation:

V,=L,ls, : 1)

where ¥V, = the particle velocity (m/s), L, = the ef-
fective distance between two light-detecting fibers
(m), and 7 = the transit time (s).

The effective distance between the receiving fi-
bers is slightly different from the geometrical dis-
tance (Patrose and Caram, 1982). In order to obtain

0.0

-0.5

Voltage (volt),

-2.5

-3.0

Time (s)

Fig. 3. Time difference of two signal sequences.

the effective distance for the probe used in this work,
the calibration procedure was carried out with a
probe placed inside a bed of iron particles with a size
range of 212-250 pum in a cylindrical container. The
container was rotated by using a DC motor (Oki et
al., 1975). The speed of the particles could be varied
and controlled by adjusting the angular speed of the
motor. The angular velocity @ was calculated by us-
ing the following equation:

w=21T, 2

where T = the period of a rotation (s). The particle
velocity in the cylindrical container (¥, ) was calcu-
lated by using the following equation:

V, =R, 3)

where R,, = the distance between the tip of the probe
and the center of the rotating bed. The particle veloc-
ity and the transit time were used to compute the ef-
fective fiber-to-fiber separation distance L, .

Table 2 includes a representative set of calibra-
tion data. The average effective distance (the mean
value of eight effective distances) was found to be
129 um. An effective distance of 129 um was to be
small enough for the detection of reflected light from
individual particles (d,>64.5 um), whereas the ac-
tual geometric center-to-center distance between the
two receiving fibers was measured under the micro-
scope and found to be 288 um. If such a probe con-
sists of only two receiving fibers (no central fiber as
shown in Fig. 2) and the two receiving fibers are also
used to illuminate the measuring site (i.e., light in
and out with the same fiber), then the effective dis-
tance between the two receiving fibers will be the
same as the geometric center-to-center distance be-
tween the two receiving fibers. However, the
strength of the signal of a two-fiber probe of this
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Table 2. Computation of effective distance L.

Particle Velocity Transit Time

Effective Distance Mean Effective Distance

V, (m/s) =Ry o z(us) Ly(um)=V,z Lys (um)
0.0310 4160 129
0.0868 1406 122
0.1390 957 133
0.1943 664 129 129
0.2486 527 131
0.3293 410 135
0.4725 273 129
0.5907 215 127
Note: R = 8.8 cm in this work.
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Fig. 4. Radial transit time profile (H = 0 A/m; UJU,,,~ 1.42;
#/R = 0.8; z/h; = 0.878; sampling frequency = 5 kHz;,
(a) particles move to the bed center; (b) particles
move to the bed wall).

kind is too small to measure the velocity of small in-
dividual particles properly. Therefore, a three-fiber

" probe as shown in Fig. 2 was used here to measure
the velocity of small individual particles. In this
situation, the effective distance was different from
the actual center-to-center distance.

If the trajectory of a moving particle is not par-
allel to the connecting line of the two receiving fi-
bers, then the method for calculating the particle ve-
locity is similar to that used by Patrose and Caram
(1982) with the following equations:

V, =Ly l(z} +)"%, 4)

and

necting line of the two receiving fibers was perpen-
dicular to the axis of the bed column, and the receiv-
ing fiber A (light out (¥) in Fig. 2) was on the left
side of the receiving fiber B (light out ( +7) in Fig.
2). At this instant, the distance between the receiving
fiber A and the bed center was smaller than that be-
tween the receiving fiber B and the bed center. When
7, was measured, the connecting line of the two re-
ceiving fibers was parallel to the axis of the bed col-
umn, and the receiving fiber A (light out (¢) in Fig. 2)
was below the receiving fiber B (light out (¢ +7)in
Fig. 2). Therefore, the positive 7, value represented
the particles moving to the bed wall, and the negative
7, value represented the particles moving to the bed
center; furthermore, the positive z, value represented
the particles moving to the top of the bed, and the
negative 7, value represented the particles moving to
the bottom of the bed. The range of particle velocity,
which this probe could measure, was 0.001-2.2 m/s,
and the error range was 4-6 %. The faster the particle
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Fig. 6. Radial profiles of fractions of particles traveling
upwards at different superficial gas velocities (H =0
Alm, UfU,r = 1.28(+), 1.42(0), 2.22 (x), z/h, =
0.878).

velocity was, the larger was the error.

Figure 6 shows the radial profiles of fraction of
particles traveling upwards for superficial gas veloci-
ties: U /U, =1.28, 1.42, and 2.22 at z/h,= 0.878
without applying a magnetic field. The fractions of
the particles ascending at U, /U, =1.28, 1.42, and
2.22 at the bed center were 67 69, and 70 %, respec-
tively; and at the bed wall were 54, 55, and 64 %, re-
spectively. The method used to calculate the frac-
tions of the particles ascending, the fractions of the
particles descending and the particle velocity in the
fluidized beds can be found elsewhere (Lin, 2001)
and will not discuss here.

RESULTS AND DISCUSSION
Flow pattern of particles

From Fig. 7(a) for U,/U,,,= 1.42 without an
applied magnetic field, it can be seen that the parti-
cles ascended in the bed central region, and de-
scended near the bed wall but both ascended and de-
scended in the near distributor region. The particles
circulated as a vortex ring with up flow at the bed
axis and down flow at the wall. A second vortex ring
formed below the former vortex ring with down flow
at the centerline of the bed. This flow pattern is con-
sistent with the result of Stein et al. (2000), Werther

and Molerus (1973), and Kunii and Levenspiel

(1991). They reported that in a deeper fluidized bed
(aspect ratio >1) of Geldart group B solids, there are
two vortex rings with different flow directions. For
the upper vortex ring shown in Fig. 7(a), the demar-
cation point [(#/R)g4.] between up flow and down
flow was 0.64. This result is similar to that obtained
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Fig. 7. Particle velocity profiles at various gas velocities
without an applied magnetic field (h; = 0.189 m, H =
0 A/m, (a) UJU,,=1.42; (b) UfU,r= 2.22; (c) U/ Uy
=3.09).

by Stein et al. (2000); there was an overlapping re-
gion between the upward and downward parts of the
velocity profiles, i.e., where particles moved both
upward and downward. This flow pattern was related
to the bubble motion. Particles were moved upwards
by rising bubbles and were carried up in their wakes.
Because of continuity, the particles moved down-
wards in regions with less bubble activity. For a uni-
form gas flow, U; >U,,, a highly expanded gas-
solid dispersion formed directly above the distributor.
This was unstable, and a few millimeters above the
plate the dispersion divided into many little bubbles
plus an emulsion phase. Upon rising upward, these
bubbles grow very rapidly due to coalescence (Kunii
and Levenspiel, 1991). The appearance and coales-
cence of little bubbles occurred randomly, so me-
dium-sized bubbles could appear at any position in
the bed, and large bubbles could appear at any posi-
tion near the bed surface. Therefore, the break of
bubbles did not always occur in the bed central re-
gion. When the bubbles broke between the bed cen-
ter and the bed wall, particles ascended between the
bed center and the bed wall, and descended at both
the bed center and the bed wall, creating the particle
flow pattern shown in Fig. 8(a). When bubbles broke
near the bed wall, particles ascended near the bed
wall and descended in the bed central region, creat-
ing the particle flow pattern shown in Fig. 8(b).

In the slugging regime (Figs. 7(b) and 7(c)) for
Ug /U, = 2.22 and 3.09 without an applied mag-
netic field, the particles always ascended in the bed
central region, and descended near the bed wall; i.e.,
only one vortex ring formed. The (#/R);. value was
still 0.64 at a low fluidizing velocity (U,/U,, =
2.22), but the (#/R)4. value became larger (= 0.8) at a
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Fig. 8. Particle velocity profiles at various gas velocities
without an applied magnetic field (4, = 0.189 m, H =
0 A/m, (a) bubbles ascend between the bed center and
bed wall; (b) bubbles ascend at the bed wall).

higher fluidizing velocity (U, /U,,,= 3.09) because
the size of bubbles in the slugging regime was larger
than that in the bubbling regime. In addition, the
bubbles broke the surface preferentially at the bed
center. Kunii and Levenspiel (1991) reported a simi-
lar result, where at a higher gas flow rate, the solid
circulation in the upper vortex ring becomes more
vigorous and dominates the overall movement of the
emulsion.

At H=858 A/mand U, /U, =1.42 (Fig. 9(a)),
the particles ascended in the bed central region and
descended near the bed wall. This means that the
particles in the deeper fluidized bed under the effect
of the magnetic field could not form a second vortex
ring. However, when the bubbles broke between the
bed center and the bed wall, particles ascended be-
tween the bed center and the bed wall, and de-
scended at both the bed center and the bed wall, cre-
ating the particle flow pattern shown in Fig. 10(a).
When the bubbles broke near the bed wall, particles
ascended near the bed wall and descended in the bed
central region, creating the particle flow pattern
shown in Fig. 10(b). .

At H =858 A/m and U, /U,,,= 2.22 and 3.09
(Figs. 9(b) and 9(c)) in the slugging regime, the size
of the bubbles and the height of the bed were smaller
than those in the slugging regime without a magnetic
field (Figs. 7(b) and 7(c)) because the magnetic field
decreased the size of the bubbles and the kinetic en-
ergy of the particles, creating similar particle flow
patterns.

At a higher magnetic field strength (H = 1716
A/m) and at U, /U,,, = 1.42 (Fig. 11(a)), particles
did not move but rather stayed stationary in the bed;

Ug/Ume=1.42 Us/Um=2.22 Ug/Unr=3.09
3 3 3 ﬁ
25 25} 2s5f , . .. .
b )
L y e
2 S TSNS B AR A O
. ] 1t I
; b 4 1 ¢!
—_ b e ) Ty -
\l.: 1‘51 PO 15 f f Y 15 1 )
% tror L, [ t o
SRR SR I A ER Y
R s 1\.““ ‘\::
o5k * v v - . {osF YVt ., 4 o05F 0 11 ,
JNERY v v . J (. ! i} . t 1 1 ) 1l
. 0 . 0 .
O0 0.5 1 0 0.5 1 0 05 1
/R () /R (-) /R (-)

@ (b (©)
Vector scale: —» 0.118 m/s

Fig. 9. Particle velocity profiles at various gas velocities with
an applied magnetic field (,=0.189 m, H =858 A/m,
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Fig. 10.Particle velocity profiles at various gas velocities with
an applied magnetic field. (4, = 0.189 m, H = 858
A/m, (a) bubbles ascend between the bed center and
bed wall; (b) bubbles ascend at the bed wall.)

this was the MSFB. At U, /U, = 2.22 (Fig. 11(b)),
the slugging bed changed into a bubbling bed, and
the flow pattern of particles was still similar to that at
a lower magnetic field strength (Fig. 9(b)). However,
the height of the bed was reduced because the mag-
netic force decreased the bubble size and the kinetic
energy of the particles. In addition, when the bubbles
broke between the bed center and bed wall, the parti-
cles ascended between the bed center and the bed
wall, and descended at both the bed center and bed
wall, creating the particle flow pattern shown in Fig.
12(a). When bubbles broke near the bed wall, the
particles ascended near the bed wall and descended
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Fig. 12.Particle velocity profiles at various gas velocities with
an applied magnetic field (4, = 0.189 m, H = 1716
A/m, (a) bubbles ascend between the bed center and
bed wall; (b) bubbles ascend at the bed wall).

in the bed central region, creating the particle flow
pattern shown in Fig. 12(b). At a higher magnetic
field strength (= 1716 A/m) and at U, /U, = 3.09
(Fig. 11(c)), the flow pattern of particles was still the
same as that without an applied magnetic field (Fig.
7(c)) and at a lower magnetic field strength (Fig.
9(c)). However, the (+/R) 4. value decreased from 0.8
to 0.64.

Particle velocity profiles

Particle velocity profiles at various radial dis-

tances from the axis of the bed column, various dis-
tances from the distributor, at various superficial gas
velocities, and with and without an applied magnetic
field are also shown in Figs. 7-12.

As shown in Figs. 7(a)-7(c), without an applied
magnetic field, and at U, /U, .= 1.42,2.22, and 3.09,
the ascending particle velocity decreased gradually
with increasing the radial distance from the axis of
the bed column for the case of the fixed distance
from the distributor. At the same radial distance from
the axis of the bed column, the particle velocity at
short distance from the distributor was lower than
that at a greater distance from the distributor.

As shown in Figs. 9(a)-9(c), with an applied
magnetic field (7 =858 A/m), and at U, /U, = 1.42,
2.22, and 3.09, at the same position in the bed, the
ascending article velocity at H = 858 A/m was lower
than that without a magnetic field (Figs. 7(a)-7(c)),
because the magnetic field suppressed bubble forma-
tion. Jovanovic and Jovanovic (1993) reported that
the bubble size in a G-S fluidized system can be pre-
dicted by a parameter — magnetic field deficiency
(Hms - H):

dp=0.005 + 0.0000135 (H,,s — H) (in SI units),

©)
where H,,; = the minimum stabilization field (the
value where the bubble diameter vs. magnetic field
intensity curve intersects the abscissa, here denoted
as Hys).

From Eg. (6), it can be seen that the larger the
magnetic field intensity was, the smaller was the
bubble size and the ascending particles in the bubble
wake. Therefore, the magnetic field decreased the
bubble size and particle velocity at the same time.

In addition, iron particles in the MFB aligned
themselves in vertical chains coinciding with the di-
rection of the field. These chains acted as single
large particles and became much more resistant to
flow than the individual particles. Because the mass
of a chain was larger than that of a particle, the chain

‘ cleaved a bubble from its roof.

As shown in Fig. 11(a), with an applied mag-
netic field (# = 1716 A/m), and at U, /Umf= 1.42,
the particle velocity was zero in an MSFB. As shown
in Figs. 11(b) and 11(c), with an applied magnetic
field (H = 1716 A/m), and at U /U, = 2.22 and
3.09, the particle velocity was smaller than that at 7
= 858 A/m, because the bubble size became smaller
at a higher magnetic field intensity (Jovanovic et al.,
1989; Jovanovic and Jovanovic, 1993).

Effect of the magnetic field intensity on the
particle velocity

The effect of the magnetic field intensity on the
particle velocity at various superficial gas velocities
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is shown in Figs. 9-12,

At the same position in the bed, the particle ve-
locity at H = 1716 A/m was lower than that at / =
858 A/m. This meant that the stronger the magnetic
field intensity was, the greater was the ability to sup-
press bubble formation, and the fewer particles
moved upwards and were carried up in the bubbles’
wake.

As shown in Figs. 7(a); 8(a), 9(a); 10(a); 11{a),
and 12(a) at U, /U, = 1.42, and without or with an
applied magnetic field, when the magnetic field in-
tensity increased gradually, particles were arranged
along the magnetic field lines, giving an orderly
structure to the bed. Thus, the particle velocity de-
creased gradually. When the magnetic field intensity
increased, the bubbles started to disappear and the
particle velocity further decreased to zero; i.e., the
particles did not move but they were kept stationary
in the MSFB. The distance between particles in an
MSFB was larger than that in a fixed bed due to bed
expansion in the MSFB, so the friction force be-
tween particles in an MSFB was smaller than that in
a fixed bed.

The gravity force of dense or light objects in an
MSFB was smaller than the friction force between
particles in a fixed bed, so when they were put into a
fixed bed, they could not be readily immersed in the
bed. However, the dense and light objects are readily
immersed in an MSFB as in a liquid, and when they
are released, light objects float and dense objects
sink (Rosensweig, 1979). From solid-settling ex-
periments, Lee (1983) found that there are two types
of settling kinetics in MSFBs: (1) Light and small
particles will approach and stay at equilibrium posi-
tions in the bed as a result of the resistance due to
yield stress. (2) Heavy and large particles, which are
able to overcome the yield resistance, will continue
to settle into the MSFBs at, eventually, a constant
terminal velocity. Lee (1991) also found that vis-
-coplastic non-Newtonian viscosity and yield stress
exist in MSEB media. Therefore, a buoyancy force is
exerted on an object in an MSFB. In addition, in a
fluidized bed, friction between particles is greatly re-
duced because the weight of the particles is sup-
ported through the fluid flow. There might be a fric-
tion-like force owing to the effects of magnetic
forces on the particles when they are not strong
enough to prevent any movement at all.,

Correlation of transit time

At the same distance from the distributor, the
maximum radial particle velocity appeared at the
demarcation point; ie., the radial transit time was
small. Due to the appearance of vortexes, the change
of the radial particle velocity was very irregular.

Therefore, it was very difficult to find an equation
fitting the radial transit time. However, the change of
the axial particle velocity showed a regular trend ex-
cept at the inflow boundary, outflow boundary and
demarcation point. Thus, the following equation
could be used to correlate the experimental data of
the positive axial transit time (7, ):

Ve, =17, -/t —1/7,,)r/R)" (7)

or
(Le/ /Z'z)/Um/ = (Lef /TZC)/Umf

"_[(Lef /Tzc)/Um/ —(Lef /Tzw)/Umf](r/R)B:
®)

where 7, and 7_,represent the axial transit time at
the bed center and bed wall, respectively; these val-
ues and B are functions of the air velocity, the dis-
tance from the distributor and the magnetic field in-
tensity, respectively.

The standard deviation (S.D.) of the fitted val-
ues (fif) from the N experimental values (exp) was
defined as follows:

Z[(M) %1009
exp
SD. =

b= x 109(%). ©)

The value of (L,/7,)/U,, could be calcu-
lated using the following equation:

(Lef /Tzc)/Umf
= Loy T,00) /U,y =0.09(z/ 1) (U, 1T, )6 x
{exp[0.46(z/ b)) +0.03(U / U, )} (H /1000)"",

(10)
where (L, /7,,,)/U,,=0.830(z/h)** U, /U, "
xexp[-0.16 (U, /U,,r)]is the (L, /7,)/U,, value at
the bed center without an applied magnetic field. A
comparison of (L, /7,)/U,, at the bed center cal-
culated using Eq. (10) with experimental data is
shown in Fig. 13. The standard deviation of the fitted
values of (L, /7,.)/U,, with this equation was only
3.3 %.

The value of (L, /7,,)/U,, could be calcu-
lated using the following equation:

(Log 1T0)/ Uy
= Loy /Ty ) /U,y = 0.044 (z/ k)" x

U, /U e) "> {expl0.2(z/ B)IH(H /1000)'2,

an
where (L, /7,,,)/U,, = 0284 (z/h)** (U, /U,,)*°
x exp[0.12(U,/U,,)] is the (L, /7,)/U,, value at
the bed wall without an applied magnetic field. A
comparison of (L, /7,,)/U,, at the bed wall calcu-
lated using Eq. (11) with experimental data is shown
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Fig. 13.Comparison of L. /.. calculated with Eq. (10) and
experimental data. '

in Fig. 14. The standard deviation of the fitted values
of (L, /7,,)/U,, with this equation was only 3.2%.

The value of B could be calculated using the
following equation:

B=B,-022(z/h)*'(U, /U, )"
{exp[~0.04(U, /U, }(H /1000),  (12)

where B2.68(z/h,)"* (U, /U, )"’ exp[-0.4 (z/hy)—
0.1(U,/U,,)] is the B value without an applied
magnetic field. A comparison of the B values calcu-
lated using Eq. (12) with those calculated using Eq.
(8) is shown in Fig. 15. The standard deviation of the
fitted values of B with this equation was only 2.0%.

The (L, /7,)/U,, values calculated using Eq.
(7) and Egs. (10)-(12) were qualitatively the same as
those obtained by Tsuo and Gidaspow (1990),

"Tsuji ef al. (1998) and Lin et al. (1985).

A comparison of positive (L, /7,)/U,,, values
(moving up particles) calculated using Eq. (8) with
the experimental data reported by Lin ef al. (1985) is
shown in Fig. 16. The standard deviation of the fitted
values of (L, /z,)/U,, with this equation was only
8%.

Experi- |Results Calculated TN
mental Data] with Eq. (11) Zhs() | H (A/m)
+ — 0.312 0
o — 0.503 0
X — 0.878 0
A — 0.312 858
O — 0.503 858
[ — 0.878 858
A — 0.312 1716
H — 0.503 1716
O — 0.878 1716
1~0 T T T ' T ] T [ T T
0.8 — -
—
- 06— T
#
% -
L 0.4 — n
0.2 — I
| 1 | 1 | 1 | t

US/U mf (')

Fig. 14.Comparison of Ly /z,, calculated with Eq. (11) and
experimental data.

The difference between fixed beds and MSFBs

As Fig. 11(a) shows, the particle velocity in an
MSFB was zero and the same as that in a fixed bed.
This result is consistent with those in Lee (1991),
Katz and Sears (1969), and Rosensweig et al. (1981).
They reported that fluid turbulence, random solid
movements and solid/fluid mixing characterized in
conventional fluidized beds but are not present in
MSFBs. Though particles in both fixed beds and
MSFBs do not move about freely nor do they back-
mix, the rheological behaviors of particles in both
fixed beds and MSFBs are very different. The drag
force of gas acting on particles was found here to be
smaller in a fixed bed than in an MSFB because the
superficial gas velocity in a fixed bed was smaller
than that in an MSFB.

The difference between MSFBs and MBFBs

As shown in Fig. 11(a), the particle velocity in
an MSFB was zero due to the lack of bubble move-
ment. The bubble motion was the main source of
particle movement in the gas-solid fluidized beds: As
shown in Figs. 9-11 except Fig. 11(a), the magnetic
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Fig. 16.Comparison of (L. /t;)/ U,y value calculated with Eq.
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3.31).
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Fig. 15.Comparison of parameter B values calculated with Eq.
(12) and with Eq. (8).

field could not suppress bubble formation. The parti-
cles in the bed moved freely in the MBFBs due to
the bubble motion.

Lee (1983, 1991) defined the so-called jelling
point and freezing or solidification point when he
characterized the solid-discharge behavior in MSFBs
based on an orifice experiment. Lee called the jelling
point the point at which the bed becomes sticky.
Good solid flowability can be expected below the
jelling point. Therefore, the flowability of particles
in both MSFBs and MBFBs is almost the same when
the magnetic field intensity is below the correspond-
ing jelling point.

The difference between BFBs and MBFBs

As shown in Figs. 7 and 9, the particles in both
BFBs and MBFBs moved freely. The particles
moved upward in the wake region of bubbles and
moved downward in the regions with less bubble ac-

tivity. However, the bubbles in an MBFB were’

smaller than those in a BFB (Jovanovic et al., 1989;
Jovanovic and Jovanovic, 1993), so the particles in
an MBFB obtained less kinetic energy from bubbles
than those in a BFB did. At the same superficial gas
velocity, the particles in a BFB moved more vio-

lently than those in an MBFB did. As shown in Figs.

q
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Fig. 17.Computed (—) and experimentally (+, o) determined
(Les I2) Uy (hy = 0.189 m; z/h; = 0.878; L = 1m;
U Upy=2.22; (+)H=0 A/m; (0)H= 858 A/m).

9 and 11, in an MBFB at the same superficial gas ve-
locity, the greater magnetic intensity was, the slower
was the motion of particles.

Comparison with the results of computer
simulation

To make a comparison between the results of
this experiment and those obtained with the two-
fluid model (continuum model), a simulation of the



Yung-Chung Lin and Lii-Ping Leu : Measurements of the Particle Velocity and Flow Pattern of Particles in 507
Magnetically Fluidized Beds

flow behavior in both a BFB and an MBFB was per-
formed using the Eulerian Granular Multiphase
Model with Fluent 4.5 edition software. The finite
volume method model was used in this simulation.
The details are shown elsewhere (Lin, 2001).

Figure 17 shows the time-averaged particle ve-
locity obtained in the experiments (Figs. 7(b) and 9(b)
for rising particles) and simulation results obtained at
U, /U, =222 and z/h; =0.878. The experimental
results were close to those obtained in the computer
simulation. The standard deviation at H = 0 A/m was
11.6%, and the standard deviation at # = 858 A/m
was 12.0%. The results of both the experiment and
computer simulation showed that the particle veloc-
ity in the central bed region was always higher than
that near the bed wall, because the particles were car-
ried upwards by rising bubbles and were carried up
in their wakes. In addition, the bubbles tended to
move toward the bed center.

CONCLUSION

Experimental results for the local particle ve-
locity were obtained in a magnetically fluidized bed
for spherical shaped iron particles of Geldart group B
powders. The results lead us to draw the following
conclusions:

(1) An optical method of analysis has been applied
successfully to the study of particle velocity pro-
files in dense phase.

(2) The local particle velocity in an MFB was de-
pendent on the magnetic field intensity, superfi-
cial gas velocity and position in the bed. The par-
ticle velocity decreased as the magnetic field
intensity and distance from the axis of the bed
column increased, and as the superficial gas ve-
locity and distance from the distributor decreased.

(3) In an MBFB (with a 5 cm i.d. and a deeper bed),
three flow pattern of particles were observed: (a)
the particles circulated as a vortex ring with up-
flow at the bed axis and down flow at the wall;
(b) particles ascended between the bed center
and the bed wall, and descended at both the bed
center and the bed wall; (c) particles ascended
near the bed wall and descended in the bed cen-
tral region.

(4) A general correlation was developed to predict the
axial transit time:
1/z,=1/7,,-(1/7, -1/7,,) (/R)".

(5) The time-averaged particle velocity obtained in
the experiment was close to that obtained in the
computer simulation. When U /U, = 2.22 and
z/h,= 0.878, the standard deviation at 7 = 0
A/m was 11.6%, and the standard deviation at &
=858 A/m was 12.0%.

NOMENCLATURE
Ai(i = 1-6) constant
B parameter in Eq. (8)
B, parameter in Eq. (12)
dy bubble diameter, m
dp mean diameter of particles, m
exp experimental value
fit fitted value
H magnetic field intensity, A/m

H,s minimum stabilization field (where the
curve of the bubble diameter vs. the
magnetic field intensity intersects the ab-
scissa, denoted as H,;), A/m

h, static bed height, m

L bed height, m

L, effective distance between two light-
detecting fibers, m

Lg geometrical distance between two light-
detecting fibers, m

N total amount of experimental data

R radius of bed, m

R, distance between the tip of the probe and
the center of the rotating bed, m

r radial coordinate, m

T period of rotation, s

mf minimum fluidization velocity obtained

with the graphical method of Davidson
and Harrison, m/s

U, superficial gas velocity, m/s

Vs local, time-averaged particle velocity in
the bed or the particle velocity in the cy-
lindrical container, m/s

v, terminal velocity, m/s

z height above the distributor plate, m

Greek symbols

1 flow orientation with respect to the hori-
zontal, rad

T transit time, s

T, transit time in the radial direction, s

T, transit time in the axial direction, s

Tye transit time in the axial direction at the
bed center, s

Toco transit time in the axial direction at the
bed center without an applied magnetic
field, s

7, transit time in the axial direction at the
bed wall, s

Tm transit time in the axial direction at the
bed wall without an applied magnetic
field,s . '

1) angular velocity, 5!

Abbreviations

BFB bubbling fluidized bed
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CFB circulating fluidized bed
MBFB magnetized bubbling fluidized bed
MFB magnetofluidized bed
MSFB magnetically stabilized fluidized bed
S.D. standard deviation of the fitted values
from the experimental values; see Eq. (9),
%
REFERENCES

Botterill, J. S. M. and D. J. Bessant, “The Flow of Fluidized
Solids,” Powder Technol., 14, 131 (1976).

Dencs, B., “Particle Velocity Measurements in Dense
Fluidized Beds,” Part. Part. Syst. Charact., 12, 314 (1995).

Geldart, D., “Types of Gas Fluidization,” Powder Technol., 7,
285 (1973).

Hamdullahpur, F., M. I. Pegg, and G. D. M. MacKay, “Laser-
Fluorescence Technique for Turbulent Two-phase Flow
Measurements,” Int. J. Multiphase Flow, 13, 379 (1987).

Hartge, E.-U., D. Rensner, and J. Werther, “Solids
Concentration and Velocity in Circulating Fluidized
Beds,” Proc. 2nd Int. Conf. Circulating Fluidized Bed
Technology, P. Basu and J. F. Large, Eds., p. 165,
Pergamon Press, Oxford, UK. (1988).

Heertjes, P. M., J. Verloop, and R. Willems, “The
Measurement of Local Mass Flow Rates and Particle
Velocities in Fluid-Solid Flow,” Powder Techrol., 4, 38
(1970/71).

Herbert, P. M., T. A. Gauthier, C. L. Briens, and M. A.
Bergougnou, “Application of Fiber Optic Reflection
Probesto the Measurement of Local Particle Velocity and
Concentration in Gas-Solid Flow,” Powder Technol., 80,
243 (1994).

Horio, M. K., Morishita, O. Tachibana, and N. Murata, “Solid
Distribution and Movement in Circulating Fluidized
Beds,” Proc. 2nd Int. Conf. Circulating Fluidized Bed
Technology, P. Basu and J. F. Large, Eds., p. 147, Oxford,
UK. (1988).

Hristov, J. Y., “Fluidization of Ferromagnetic Particles in a
Magnetic Field, Part II: Field Effects on Preliminary Gas
Fluidized Bed,” Powder Technol., 97, 35 (1998).

Jovanovic, G. N., Z. R. Jovanovic, G. Vunjak-Novakovic, and

"D. V. Vukovic, “Bubble Size in Magnetically Controlled
Fluidized Beds,” Fluidization VI, J. R. Grace, L. W.
Shemilt and M. A. Bergougmou, Eds., p. 237, Engineerin
Foundation, New York, U.S.A. (1989).

Jovanovic, G. N. and Z. R. Jovanovic, “Bubble Size and
Fluidization Regimes in Magneticlly Controlled Fluidized
Beds,” paper no. 28i, paper presented at the 1993 AIChE
Annual Meeting, St. Louis, MO, U.S.A. (1993).

Katz, H. and J. T. Sears, “Electric Field Phenomena in
Fluidized and Fixed Beds,” Can. J. Chem. Eng., 47, 50
(1969).

Klinzing, . G. E., A. Zaltash, and C. A. Myler, “Particle
Velocity Measurements through Electrostatic  Field
Fluctuations Using External Probes,” Part. Sci. Technol., 5,
95 (1987). '

Kunii, D. and O. Levenspiel, Fluidization Engineering,
Butterworth-Heinemann, Boston, U.S:A. (1991).

Lee, W.-K., “The Rheology of Magnetically Stabilized
Solids,” AIChE Symp. Ser., 79(222), 87 (1983).

Lee, W.-K., “A Review of the Rheology of Magnetically
Stabilized Beds,” Powder Technol., 64, 69 (1991).

Levy, Y. and F. C. Lockwood, “Laser Doppler Measurements
of Flow in Freeboard of a Fluidized Bed,” 4IChE J, 29,
889 (1983).

Lin, J. S., M. M. Chen, and B. T. Chao, “A Novel Rodiactive
Particle Tracking Facility for Measurement of Solids
Motion in Gas Fluidized Beds,” 4IChE J., 31, 465 (1985).

Lin, Y. C. “Voidage and Velocity Profiles in Magnetic
Fluidized Beds,” Ph.D. Thesis, Department of Chemical
Engineering, National Taiwan University, Taiwan (2001).

Lin, Y.-C. and L.-P. Leu, “Voidage Profiles in Magnetically
Fluidized Beds,” Powder Technol., 120, 199 (2001).

Liu, Y. A., R. K. Hamby, and R. D. Colberg, “Fundamental
and Practical Developments of Magnetofluidized Beds: A
Review,” Powder Technol., 64,3 (1991).

Marsheck, R. M. and A. Gomezplata, “Particle Flow Patterns
in a Fluidized Bed,” AIChE J., 11, 167 (1965).

Merry, J. M. D. and J. F. Davidson, “Gulf Stream Circulation
in Shallow Fluidized Beds,” Trans. Inst. Chem. Eng., 52,
361 (1973).

Morooka, S., K. Kusakabe, N. Ohnishi, F. Gujima, and H.
Matsuyama, “Measurement of Local Fines Movement in a
Fluidized Bed of Coarse Particles by a Fluorescent Tracer
Technique,” Powder Technol., 58, 271 (1989).

Nieuwland, J. J., R. Meijer, J. A. M. Kuipers, and W. P. M.
van Swaaij, “Measurements of Solids Concentration and
Axial Solids Velocity in Gas-Solid Two Phase Flow,”
Powder Technol., 87, 127 (1996).

Oki, K., T. Akchata, and T. Shirai, “A New Method for
Evaluating the Size of Moving Particles with a Fiber Optic
Probe,” Powder Technol., 11, 51 (1975).

Oki, K., W. P. Walawender, and L. T. Fan, “The
Measurement of Local Velocity of Solid Particles,”
Powder Technol., 18, 171 (1977).

and H. S. Caram, “Optical Fiber Transit
Anemometer for Particle Velocity Measurements in
Fluidized Beds,” AIChE J., 28, 604 (1982).

Rao, V. L. and D. Venkateswarlu, “Determination of
Velocities and Flow Pattern of Particles in Mass Flow
Hoppers,” Powder Technol., 7,263 (1973).

Raso, G., G. Tirabasso, and G. Donsi, “Impact Probe for
Local Analysis of Gas-Solids Flows,” Powder Technol.,
34,151 (1983).

Rosensweig, R. E., “Fluidization: Hydrodynamic Stabiliza-

Patrose, B.



Yung-Chung Lin and Lii-Ping Leu : Measurements of the Particle Velocity and Flow Pattern of Particles in 509
Magnetically Fluidized Beds

tion with a Magnetic Field,” Science, 204, 57 (1979).

Rosensweig, R. E., J. H. Siegeil, W.-K. Lee, and T. Mikus,
“Magnetically Stabilized Fluidized Solids,” AIChE Symp.
Ser., 77(205), 8 (1981).

Stein, M., Y. L. Ding, J. P. K. Seville, and D. J. Parker,
“Solids Motion in Bubbling Gas Fluidized Beds,” Chem.
Eng. Sci., 55, 5291 (2000).

Tsuji, Y., Y. Morikawa, and H. Shiomi, “LDV Measurements
of an Air-Solid Two-Phase Flow in a Vertical Pipe,” J
Fluid Mech., 139, 417 (1984).

Tsuji, Y., T. Tanaka, and S. Yonemura, “Cluster Patterns in
Circulating Fluidized Beds Predicted by Numerical
Simulation (Discrete Particle Model Versus Two-Fluid
Model),” Powder Technol., 95, 254(1998).

Tsuo, Y. P. and D. Gidaspow; “Computation of Flow Patterns
in Circulating Fluidized Beds,” 4ICAE J., 36, 885 (1990).

Tung, Y., J. Li, and M. Kwauk, “Radial Voidage Profiles in a
Fast Fluidized Bed,” Fluidization ’88, M. Kwauk and D.
Kunii, Eds., p. 139, Science Press, Beijing, China (1988).

van Velzen, D. H. J. Flamm, H. Langenkamp, and A. Casile,
“Motion of Solids in Spouted Beds,” Can. J. Chem. Eng.,
52,156 (1974).

Werther, J. and O. Molerus, “The Local Structure of Gas
Fluidized Beds-II: The Spatial Distribution of Bubbles,”
Int. J. Multiphase Flow, 1, 123 (1973).

Xia, Y.-S., H.-Z. Li, and C.-G. Zheng, “Extreme Value
Estimation of Cluster Size in a Fast Fluidized Bed,” Eng.
Chem. Metal. (China) (in Chinese), 14(3), 245 (1993).

Yang, Y. L, Y. Jin, Z. Q. Yu, and Z. W. Wang,
“Investigation on Slip Velocity Distribution in the Riser of
Dilute Circulating Fluidized Bed,” Powder Technol., 73,
67 (1992).

Yianneskis, M., “Velocity, Particles Sizing and Concentration
Measurement Technique for Multi-Phase Flow,” Powder
Technol., 49, 261 (1987).

Zhang, W., Y. Tung, and F. Johnsson, “Radial Voidage
Profiles in Fast Fluidized Beds of Different Diameters,”
Chem. Eng. Sci., 46, 3045 (1991).

Zhang, H. and J. X. Zhu, “Hydrodynamics in Downflow
Fluidized Beds (2): Particle Velocity and Solids Flux
Profiles,” Chem. Eng. Sci., 55, 4367 (2000).

(Manuscript received Apr. 7, 2005, and accepted Jul. 13, 2005)

BB LR PR 2 EE EEEN RN

FARIK

28 R

B 5EASRETIEER

18

z

AR 230 pm ZHER FERETEROR AL IR 2 b 7 Bk FE PR 2 BB BT - IR 2 3 25
FIFE R B AR EEE o SRR A SR B EIEN FERGA R CR P RRZ A& - R R R R E AR

| ORISR T R -

EE B R TR A (L BR(MSFB) i T BT - FERIFREI A LAR (MBFB) -k 753 ¥ BERLS M2 8 2 8
i + BEER K e BE M 2 SR AT R + BEPR o B SR T 2 I D TR + LUK BB BR BB BOAR 2 SR EE I T 48
Mo KT 2R B AT URIA LU T ARG : V, =L, /(5] +¢1)"? » O=tan"'(z,/7,)  TIBHAAGERR -, TUTRE
T U, =Ur, ~(Ur, =, )r/R) * Erfic, 7, , BEERRERERE RS LR FER - IERE ) B 2 JE S
B 3t B AT DU T RET A1y XUy Uy {expldd (2/hs) + 45 (UyUn) B B 505 S SR S H BLAS SR IR BRI





