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Abstract

The mass transfer coefficient, liquid axial dispersion and gas holdup have been measured for a gas–liquid–solid magnetic fluidized
Ž .bed MFB as a function of superficial gas velocity, superficial liquid velocity and magnetic field intensity. This study analyzed the

volumetric gas-to-liquid mass transfer coefficient k to quantify mass transfer in three-phase MFBs.La

The solid phase consisted of nickel powder with mean particle diameter of 194 mm, and the liquid and gas phases were water and air,
respectively. An axial magnetic field was supplied by an external solenoid with direct current, the magnetic field being approximately
uniform with a maximum relative variation of 2% across the bed. The volumetric gas-to-liquid mass transfer coefficient k wasLa

determined from measurements of the steady-state oxygen profile across the bed.
Experimental results showed that the mass transfer rate and average gas holdup in the MFB were higher compared to those of

conventional fluidized beds. A 70% increase in mass transfer coefficient was observed at high magnetic field intensities. Average gas
holdup increased by as much as 25% with increasing magnetic field intensity. The efficiency of mass transfer rate is nearly the same as a
solid-free bubble column. The experimental results were compared to the published results of conventional fluidized beds. q 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

w xSince the pioneering report by Filippov 1 , there have
been a large number of publications on magnetic fluidized

Ž .beds MFBs . Early interest in MFBs was mainly centered
around gas–solid reactors, the first systematic work, which

w xwas carried out by Rosensweig 2 . To date, the perfor-
mance of gas–liquid–solid MFBs has not been well-char-
acterized.

w xHu and Wu 3 examined liquid–solid and gas–liquid–
solid MFBs containing 3.6 mm cubic shaped magnetizable
particles and determined the effect of magnetic field inten-
sity on overall and radial variation of gas holdup. They
found that overall gas holdup increases with increasing
magnetic field intensity. The radial profiles of both gas and
solid holdup can be expressed by a parabolic equation
under zero or weak magnetic fields. When the fields are

) Corresponding author. Tel.: q886-2-2363-5230; fax: q886-2-2362-
3040.

quite strong, the phase holdup distributions become more
uniform, and solid holdup is similar to that of a packed
bed.

w x w xOuyang et al. 4 and Kwauk et al. 5 examined bubble
properties in a three-phase MFB under varying liquid
velocity, gas velocity, particle size and surface tension.
They found that both bubble size and bubble rise velocity
decrease with increasing magnetic field intensity.

w xThompson and Worden 6 presented experimental mea-
surements of gas holdup, liquid axial dispersion and gas-
to-liquid mass transfer coefficients in a three-phase MFB.
They found that the average gas holdup decreases by as
much as 20% with increasing magnetic field intensity, and
a 30% increase in gas-to-liquid mass transfer coefficient
was observed in the chain–channel regime. Peclet number
was relatively unaffected by magnetic field intensity for
most bed regimes except for a 400% increase in the
channel regime.

w xHristov and Hadzisavvas 7 presented a hydrodynamic
study of three-phase fluidized beds in the presence of an
external transverse magnetic field, and drew a classifica-
tion structure of these systems.
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Ž .Small particles d -1 mm have been widely used inp

biotechnology processes such as aerobic and anaerobic
wastewater treatment, cultivation of immobilized and pel-
let-forming microorganisms. In as much as bubble-coalesc-
ing behavior with fine particles under the effect of mag-
netic field has never been discussed, this paper presents
experimental measurements of gas holdup, gas-to-liquid
mass transfer coefficients and axial dispersions in a gas–
liquid–solid MFB containing high density nickel powders.

2. Experimental

Fig. 1 shows a schematic diagram of the experimental
apparatus. Water flows through a 0.05-m i.d.=0.5-m long
Plexiglas column loaded with 0.5 kg spherical-shaped
nickel powders with an average diameter of 194 mm
Ž .ranging from 177 to 210 mm . The density of the nickel
powders is 8900 kgrm3. Sampling ports are placed at
0.05, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5 m above the distributor. A
perforated plate is used as a distributor for the bed with a
fractional free area of 2.0%, designed to prevent channel-
ing. The solid above the supporting grid is placed in an
axially uniform magnetic field. The operating mode is
magnetization LAST according to the classification of

w xHristov and Hadzisavvas 7 . The initial bed height is 0.07
m and the maximum bed height after expansion is about
0.22 m.

Fig. 1. Experimental setup.

A Helmholtz electromagnet comprising two coils hav-
ing an inner diameter of 0.16 m and separated by a gap of
0.08 m, produces a uniform and time-invariant magnetic
field with an intensity up to a maximum value of 23 880
Arm. Power for the solenoid is provided by a DC power

Ž .supply Takasago, EX-375L rated at 4.8 A and 27 V.
Oil-free compressor air is injected through a stainless-steel
ring sparger near the bed bottom. A holding tank contain-
ing water is continually sparged with nitrogen gas until the
dissolved oxygen concentration is negligible to the air-
saturation value. Water withdrawn from the sampling port
is immediately transported into a well-mixed cup and its
dissolved oxygen concentration is measured.

w xThe valve technique 8 is used to measure the average
gas holdup over the entire bed. This is accomplished by
simultaneously shutting off the gas and liquid flows and
measuring the volume of gas trapped in the bed. The
average gas holdup is calculated by dividing the trapped
gas volume by the total bed volume.

w xThe steady-state method 9 is used to calculate the
gas-to-liquid mass transfer coefficient k . A mass balanceLa

on oxygen in the liquid phase of the bed is shown as:

1 d2 C dC
)y sSt CyC , 1Ž . Ž .2Pe dZdZ

where the Peclet number, Pe, and Stanton number, St, are
defined as

U Ll
Pes 2Ž .

D ´a l

k LLa
Sts , 3Ž .

Ul

the equilibrium oxygen concentration, C) , is the function
of the depth of bed, thus,

C)saqbZ. 4Ž .

And the following boundary conditions are required:

1 dC
Zs0, CsC q , 5Ž .0 Pe dZ

dC
Zs1, s0. 6Ž .

dZ

The analytical solution to the above differential equa-
tion and boundary condition is:

b
) r Z r Z1 2CsC qA Pe qA Pe y , 7Ž .1 2 St
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where

BPr exp r ybPrŽ .2 2 1
A s , 8Ž .1 2 2r exp r yr exp rŽ . Ž .1 1 2 2

yBPr exp r qbPrŽ .1 1 2
A s , 9Ž .2 2 2r exp r yr exp rŽ . Ž .1 1 2 2

2'Peq Pe q4StPPe
r s , 10Ž .1 2

2'Pey Pe q4StPPe
r s , 11Ž .2 2

b
BsPe ayC y yb. 12Ž .0ž /St

The gas-to-liquid mass transfer coefficient and axial
dispersion coefficient are obtained by parameter fitting of
the above solution to the experimentally determined dis-
solved oxygen concentration profile. A nonlinear statistical
regression program is employed for the parameter fitting,
which gives a minimum value of the sum of squares of the
error. One typical example of profile fitting is shown in
Fig. 2. The dissolved oxygen concentration profile along
the column increases under the effect of the magnetic field.

The second method to determine the axial dispersion
coefficient is evaluation by using tracer injection method.

Ž .Sodium chloride solution 1.0 N is injected instanta-
neously at the bottom of the bed, and its outlet concentra-
tions are measured on-line with a conductivity meter, the
signal from the electrode being sent to an IBM PC through

Fig. 2. Comparison between profile fitting to axial dissolved oxygen
profile.

Fig. 3. The tracer response curves in three-phase magnetic fluidized beds.

a RS232 interface. The dimensionless time variance s 2 of
the tracer response curves is computed by use of the
following relationships:

`

tC d tH t
0ts , 13Ž .
`

C d tH t
0

` 2
ty t C d tŽ .H t

02s s . 14Ž .
`

C d tH t
0

Peclet numbers, computed on-line from the variance of
the tracer response curves with closed–open vessel as-
sumption are used to calculated the axial dispersion coeffi-

w xcient 10 from the following equation:

1
2s s 2 Peq3 15Ž . Ž .2Pe

One typical response curve of tracer is shown in Fig. 3.
The response curve of tracer in the MFB is significantly
sharper than that without an applied magnetic field. It
means that the flow pattern of liquids tend to be plug flow
under the effect of the magnetic field.

3. Results and discussion

3.1. Flow regime and gas holdup

w xThe regime map based on bubble flow 11 is shown in
Fig. 4. The boundary between dispersed bubble and coa-
lesced bubble is independent of gas velocity. With the
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Fig. 4. The flow regime map of three-phase magnetic fluidized beds.

introduction of a magnetic field, the dispersed bubble
regime was expanded due to bed contraction and enhanced
bubble splitting.

Fig. 5 shows that the average gas holdup increased with
increasing gas velocity and magnetic field intensity. Re-
sults given are the average of at least five replicates with
an average standard deviation of 7%. The increase in
average gas holdup is consistent with the common obser-
vation that bubbles break up with increasing magnetic field

w xintensity. A similar result was reported by Hu and Wu 3 .
In this study, the application of magnetic field resulted in
smaller bubbles which rose more slowly than the larger
ones, thus increasing the gas holdup.

In Fig. 6, the average gas holdup data without applied
magnetic fields are compared to correlations published by

w xBegovich and Watson 12 . Despite the differences in

Fig. 5. Effect of magnetic field intensity on overall gas holdup.

Fig. 6. Comparison of gas holdup data as a function of liquid and gas
velocity without magnetic field.

particle density, our data are in good agreement with the
correlations. The effect of liquid velocity on average gas
holdup is not significant. This trend is consistent with the

w xfinding of Hu and Wu 3 , who reported that the effect of
liquid velocity on average gas holdup can be neglected.

Based on the 45 experimental data obtained in this
Žwork, the following empirical correlation was obtained SI

.unit :

´ s0.75U 0.78exp 8.12=10y6 H . 16Ž . Ž .g g

The average relative error is 8.5% in this correlation.
The effect of magnetic field intensity on gas holdup was
more pronounced for the smaller particles used in this

Ž . Žstudy 194 mm as compared to the larger particles 3.6
. w xmm used by Hu and Wu 3 .

ŽFig. 7. Effect of magnetic field intensity on local liquid holdup gas
.velocitys0.02 mrs .
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Fig. 8. The axial dispersion coefficient obtained from tracer experiment
Žas a function of magnetic field intensity and gas velocity liquid velocity

.s0.037 mrs .

Fig. 7 shows that the local liquid holdup at different
liquid velocities decreased with magnetic field intensity
due to bed contraction. This trend is consistent with the

w xfinding of Thompson and Worden 6 . Correlation of the
45 data points is as follows, with an 11.5% relative error
Ž .SI unit :

´ s1.49U 0.228exp y8.3=10y6 H 17Ž . Ž .l l

3.2. Liquid axial dispersion

3.2.1. Tracer injection method
The tracer injection method used to determine the axial

Ždispersion coefficients has been given elsewhere Chen

Fig. 9. Effect of magnetic field intensity and gas velocity on axial
Ždispersion coefficient obtained from profile fitting liquid velocitys0.037

.mrs .

w x.and Leu 13 . One typical tracer response curve is shown
in Fig. 3. Fig. 8 shows that the axial dispersion coefficient
remained almost unchanged at low magnetic field inten-
sity, but decreased significantly at high magnetic field
intensity. Such behavior can be explained from the obser-
vation of bubble break up, but little coalescence at low
magnetic field intensity, and intense bubble splitting at
high magnetic field intensity.

The present experiments showed that the flow pattern of
liquid under low magnetic field intensity is similar to that
of a conventional fluidized bed, but approaches that of a
packed bed under high magnetic field intensity.

w xDispersion data taken from Sajc et al. 14 show a
similar trend compared to this work. Furthermore, in this
work, the decrease of axial dispersion coefficient with
increasing magnetic field is consistent with the increasing
gas holdup and the decreasing bubble diameter.

Fig. 10. Comparison of axial dispersion coefficient to literature data.
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3.2.2. Profile fitting of dissolÕed oxygen concentration
Profile fitting of dissolved oxygen concentrations as

shown in Fig. 2, while Fig. 9 shows the effect of magnetic
field intensity and gas velocity on axial dispersion coeffi-
cient D , indicating similar trends for the tracer injectiona

method.
Bubble wakes contribute to liquid mixing by carrying

elements of liquid through the bed. Since bubble size was
observed to decrease with increasing magnetic field inten-
sity, the decreasing bubble size is associated with lower
backmixing. The considerable difference between the axial

dispersion coefficients shown in Figs. 8 and 9 indicates
that the tracer injection method may not be appropriate for
reactors involving inter-phase mass transfer.

w xNguyen-Tien et al. 15 used a well-established method
to determine mass transfer coefficient and liquid phase
axial dispersion coefficient in three-phase fluidized beds of
0.05–8-mm glass spheres by measuring the steady-state
axial oxygen concentration profile along the reactor. Fig.
10a and b compare axial dispersion coefficients obtained

w xfrom this work to those of Nguyen-Tien et al. 15 and
w xKim and Kim 16 . The correlation of Nguyen-Tien et al.

Fig. 11. Mass transfer coefficient as a function of magnetic field intensity and gas velocity.
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w x15 gave reasonable agreement with those we measured in
w xthis study, while the correlation of Kim and Kim 16

tended to overpredict the axial dispersion coefficients.
Based on the 60 axial dispersion coefficients obtained

in this work, the following correlation with a 16.2%
Ž .average relative error results SI unit :

1.03y2 y5D s3.836=10 U qU exp y2.9=10 H .Ž .Ž .a l g

18Ž .

3.3. Gas-to-liquid mass transfer

The very good fit between the model and the experi-
mental concentration profile shown in Fig. 2 demonstrates
that the axial dispersion model is appropriate to describe
the fluid flow of the present system. Fig. 11a–c show the
effect of magnetic field intensity and gas velocity on
gas-to-liquid mass transfer coefficient k for three differ-La

ent liquid velocities. The mass transfer coefficient in-
creased with increasing gas velocity and more signifi-
cantly, with magnetic field intensity. Bubble size was
observed to be smaller under the effect of the magnetic
field, resulting in a higher gas–liquid contact area and gas
holdup. The same trend was reported by Thompson and

w xWorden 6 , who observed a 30% increase in mass transfer
coefficient in the chain–channel regime.

However, the enhancement effect obtained from this
work is nearly proportional to magnetic field intensity for
all gas and liquid velocities. The highest increase of mass
transfer coefficient of up to 70% occurred at the lowest gas
and liquid velocities. This is due to increased bubble break
up under the effect of the magnetic field, leading to
decreased bubble size and increased interfacial area.

w x w xOuyang et al. 4 and Kwauk et al. 5 reported that the
bubble diameter decreases with increasing magnetic field
intensity. A similar result was observed in this experiment,
particularly that the introduction of magnetic field resulted
in bed contraction and smaller bubbles.

The bubble diameter is related to the interfacial area a ,
w xaccording to the following geometric identity 6 :

6´g
as . 19Ž .

db

In this study, the increase in average gas holdup with
increasing magnetic field intensity is shown in Fig. 5. With
the decreasing bubble diameter under the effect of the
magnetic field, the gas–liquid interfacial area, as well as
the mass transfer coefficient, are increased.

Particle size has a major impact on mass transfer coeffi-
cient in three-phase fluidized beds, the enhanced bubble
growth which occurs in beds of fine particles and the

increased bubble splitting, which takes place in beds of
w xcoarse particles 17 . The efficiency of mass transfer rate

for three-phase fluidization is defined as follows:

kLa
es , 20Ž .

kLa ,bc

where subscript bc stands for solid-free bubble column.
For bubble-coalescing systems with fine particles, e-1;
for bubble-splitting systems with coarse particles, e)1.
The effect of magnetic field intensity on efficiency is
shown in Fig. 12a and b, the efficiencies are raised from
about 0.60 without magnetic field to about 0.90 with high
magnetic field intensity. The dependency of efficiency on
gas and liquid velocities is not significant and can be
neglected.

Fig. 12. Effect of magnetic field intensity on efficiency.
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Fig. 13. Comparison of mass transfer coefficient to literature data as a
Ž .function of gas velocity liquid velocitys0.037 mrs .

w xNguyen-Tien et al. 18 reported mass transfer data for
particle diameters ranging from 0.05 to 1 mm, which can
be correlated empirically as follows:

fs 0.67k s0.39 1y U . 21Ž .La gž /0.58

Fig. 13 compares the mass transfer coefficient obtained
Ž Ž ..from this work to the above correlation Eq. 21 . The

correlation gave values 20% higher than those measured in
this work without magnetic field, possibly due to the
solid-density difference. Mass transfer coefficient taken

w xfrom Thompson and Worden 6 shows significantly higher
values than all the other data due to increased bubble
splitting in beds of coarse particles. A notable phenomenon
is that the mass transfer rate at high magnetic field is
nearly the same as a solid-free bubble column, indicating
that the mass transfer resistance is reduced under the effect
of the magnetic field.

Based on the 60 experimental data obtained in this
Žwork, the following overall correlation was obtained SI

.unit :

k s0.40U 0.625U 0.26exp 1.477=10y5H . 22Ž . Ž .La g l

Ž .The average relative error of Eq. 22 is 10.8%.

4. Conclusions

The hydrodynamic behavior and mass transfer proper-
ties were studied in gas–liquid–solid MFBs. The average
gas holdup increased by 25% with increasing magnetic
field intensity due to decrease in bubble size. The mass
transfer coefficient increased with increasing magnetic field

intensity due to increase in gas–liquid interfacial area
Ž .increased gas holdup . A 70% increase of mass transfer
coefficient was observed in a high magnetic field intensity
due to the change of flow regime, while the efficiency of
mass transfer rate is nearly the same as a solid-free bubble
column. The axial dispersion coefficient decreased with
increasing magnetic field intensity, suggesting that the
flow pattern of liquid tended to be plug flow in three-phase
MFBs. High performance contactor could be achieved in
three-phase MFBs.

List of Symbols
A1 Ž .parameter defined in Eq. 8
A2 Ž .parameter defined in Eq. 9
a Ž .parameter in Eq. 4
B Ž .parameter defined in Eq. 12
b Ž . Ž .parameter in Eq. 4 lrm
C Ž 3.concentration of oxygen mgrdm
C0 Ž 3.inlet concentration of oxygen mgrdm
C) Ž 3.equilibrium concentration of oxygen mgrdm
Ct Ž 3.concentration of tracer molrdm
Da Ž 2 .axial dispersion coefficient m rs
db Ž .bubble diameter m
e Ž .efficiency of mass transfer rate –
H Ž .applied magnetic field Arm
kLa Ž .gas to liquid mass transfer coefficient 1rs
kLa,bc gas to liquid mass transfer coefficient of bubble

Ž .column 1rs
L Ž .axial distance m
Pe Ž .axial Peclet number –
r1 Ž .parameter defined in Eq. 10
r2 Ž .parameter defined in Eq. 11
St Ž .Stanton number –
t Ž .time s
t Ž .mean residence time s
Ul Ž .superficial liquid velocity mrs
Ug Ž .superficial gas velocity mrs
Z Ž .dimensionless axial position. Zs0 bottom , Zs

Ž . Ž .1 top –

Greek letters
a Ž .interfacial arearliquid volume lrm
´g Ž .average gas fraction –
´ Ž .liquid fraction –
fs Ž .solid fraction –
s 2 Ž .dimensionless time variance –
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