Chemical
Engineering
Journal

www.elsevier.com/locate/cej

- S
ELSEVIER Chemical Engineering Journal 79 (2000) 41-52

Phase holdup and gas-to-liquid mass transfer coefficient in
magneto stabilized G-L-S airlift fermenter

Z. Al-Qodat?*, M. Al-Hassar?

a Department of Chemical Engineering, Amman College for Engineering Technology, Al-Balga Applied University,
Marka, P.O. Box 340558, Amman, Jordan
b Department of Mechanical Engineering, Amman College for Engineering Technology,
Al-Balga Applied University, Marka, P.O. Box 340558, Amman, Jordan

Received 19 June 1999; received in revised form 4 January 2000; accepted 1 March 2000

Abstract

Phase holdups and gas-to-liquid mass transfer coefficient in a three-phase airlift column with magnetic particles were investigated |
the presence of an external transverse magnetic field. Experiments were performed in two modes of operation: magnetizing first al
magnetizing last.

Gas holdups in the riser and the bed as well as local gas holdup were measured to examine the effect of both the gas superficial veloc
and the magnetic field intensity on these parameters. It was found that gas, liquid and solid holdups showed a strong dependence on
gas superficial velocity and the magnetic field intensity. In addition, mass transfer coefficient was determined by the dynamic gassing-i
method, and found to increase as gas velocity and magnetic field intensity increase. Correlation equationsyrekaging andK a to
Ug andB in the two modes of operations were proposed. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction However, it has been recognized that airlift reactors suffer
from several drawbacks. Firstly, the gas liquid mass transfer
In recent years, three-phase G-L-S airlift reactors coefficientin airlift is lower than that of conventional bubble
have emerged as one of the most promising devices forcolumns and three-phase fluidized beds. This behavior is at-
three-phase operations in the chemical and biochemical in-tributed to the possible occurrence of large gas bubbles in the
dustries. These contactors are considered as an alternativéhree-phase region, as a result of the large gas superficial ve-
of three-phase G-L-S fluidized bed reactors in the search forlocity needed to fluidize the solid phase [1,5]. Secondly, the
an efficient mixing among the phases combined with high flowing gas, in excess of that needed for minimum fluidiza-
liquid circulation, in the absence of mechanical agitation tion, collects as slugs or large bubbles. These slugs result
[1,2]. Typically, external loop airlift reactor consists of a in poor contacting among the phases. This gross bypassing
riser and a downcomer column. The injection of air into the may also cause back mixing of the catalyst phase. Therefore,
bottom of the riser aerates its contents. The resulting differ- improvements in the performance of the airlift reactors via
ence in the gas holdup between the gas sparged riser andeducing the volume of the gas bubbles are needed. These
the downcomer leads to a difference in the bulk densities improvements can be achieved by employing a static or mo-
of the fluids in the two arms. As a result, an induced liquid tionless mixer in the riser [6] or by applying the principle
circulation between the riser and the downcomer through of magnetic stabilization [7,8].
the connecting side arms is set up [3]. The volumetric gas The application of a magnetic field to a fluidized bed with
holdup in airlift reactors is an important hydrodynamic pa- ferromagnetic particles imposes constraints upon the hy-
rameter, as a relatively large gas holdup in the riser relative drodynamics not experienced in conventional fluidized sys-
to the downcomer increases the liquid circulation [4]. tems. A magnetic field changes the bed structure and then
changes the bed flow regimes. In addition, a magnetic field
with sufficient intensity can eliminate solid mixing and solid
* Corresponding author. Tel:962-6-487-4545; fax+962-6-489-4292.  movements. Consequently, it suppresses bubble coalescence
E-mail addresszalgodah@hotmail.com (Z. Al-Qodah) or enhances bubble disintegration. Therefore, it is expected
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that both the residence time distribution of the gas bubbles expansion behavior in magnetically stabilized columns are

and the radial profile of the gas holdup in a fluidized bed be similar to those in magnetically stabilized three-phase beds,

affected by application of a magnetic field [9]. in spite of the high gas velocities used in the former case.
Kirko and Filipov [10] reported the first observations Phase holdup and mass transfer characteristics in mag-

of the influence of a uniform axial magnetic field on the netic airlift reactors, have not been studied so far. This study

dynamics of liquid fluidized bed of ferromagnetic parti- aims at investigating the effect of magnetic field intensity

cles. Subsequently, Nekrasov and Chekin [11] investigatedon the phase holdups and mass transfer coefficient in a

the behavior of gas fluidized solids in the presence of a three-phase airlift column utilizing a transverse magnetic

transverse magnetic field. Rosensweig [7,12] showed by field.

modeling and experiments that the magnetically fluidized

bed provides a unique new means of fluid-solid contacting.

According to the researchers, this new reactor combines2. Experimental

the best characteristics of both the fluidized and the packed

beds. After that there have been a large number of published2.1. Experimental setup and materials

articles describing the principle of magnetic stabilization

as a new approach for modifying the behavior of fluidized A schematic diagram of the experimental setup is shown
beds for ideal conditions. These investigations have recentlyin Fig. 1. The external loop three-phase column is made of

been reviewed by Liu et al. [13]. transparent Plexiglas. It consists of a riser tube (i.d. 0.054 m)
It is evident from the published literature that three-phase

magnetically stabilized systems have received little attention
compared to two-phase systems. Sada et al. [14] applied
an axial magnetic field to a three-phase fluidized bed to
keep magnetite containing beads in the column over a wide
range of fluid velocities. Hu and Wu [15] and Al-Qodah
[8] studied the characteristics of three-phase fluidized beds
in the presence of an axial and a transverse magnetic field,
respectively. They described the fluidization patterns in
these systems, and reported on the effect of magnetic field
intensity on the bed expansion and gas holdup in addition
to other hydrodynamic parameters. Kwauk et al. [16], who
studied the behavior of three-phase fluidized beds in an axial
magnetic field, reported some empirical equations regard-
ing bubble disintegration conditions. Recently, Thompson o

and Worden [17] have studied phase holdups, liquid dis- ¥

persion, and gas-to-liquid mass transfer characteristics in a
three-phase fluidized bed utilizing an axial magnetic field.
They found that gas holdup decreases Kpd remains the
same or decreases as the magnetic field increases.

Many studies have appeared during the last two decades
trying to exploit the advantages of magnetically stabilized
systems in some chemical and biochemical processes in ad-
dition to some separation techniques [8,18-20]. Recently,
Ivanova et al. [21] studied the performance of magnetically
stabilized bed reactor with immobilized yeast cells. Accord-
ing to these researchers, higher ethanol concentration and
ethanol productivity were reached. Subsequently, Colin et al.
[22] applied the magnetic field to an enzyme reactor. They
found that the overall mass transfer rate increased from 15to .1__ £
47 mole/nt s as the magnetic field intensity increased from
0to 38mT. Fig. 1. Schematic diagram of external loop G-L-S airlift reactor utilizing

In a more recent study, and as an extension to the magnetic transverse magnetic field: (1) gas inlet; (2) circulating liquid inlet; (3)
stabilization phenomena, Al-Qodah [23] has studied the ef- polyethylene particle; (4) flanges; (5) pressure taps; (6) magnetic particles;
fect of magnetic field intensity on some hydrodynamic pa- (7) 9as holdup probe; (8) magnetic system; (9) riser; (10) overflow tube;

. . (11) degassing section; (12) makeup water inlet; (13) level controller
rameters Of_threefp_hase alrl_'ft_ ree_lCtor suc_h as ﬂOV_V re_glmes’electrode; (14) oxygen electrode; (15) downcomer; (16) photocell turbine;
bed expansion, minimum fluidization velocity, and liquid Cir-  (17) supporting grid; (18) cascade; (19) gas distributor; (20) oxygen
culation velocity. It was found that the bed flow regimes and electrode.

o

Rl

g |

S A
\

iile)
I

o

w;

.

I PR T




Z. Al-Qodah, M. Al-Hassan/Chemical Engineering Journal 79 (2000) 41-52 43

and a downcomer tube (i.d. 0.018 m). The height of the the magnetic system is 0.2 m. The dc current can be varied
riser and downcometd,, is 0.75m and they are 0.15m from 0to 2.5 A, and the maximum magnetic field intensity is
apart. Water and air are used as the liquid and gas phasesabout 80 mT. Such a design of the magnetic system has not
respectively. Air is fed to the riser from a compressor. A been cited in the literature before. It produces concentrated
pressure regulator and a needle valve are mounted on the aiand homogeneous magnetic field as indicated by the Hall
feed line to adjust gas flow in each experiment. Pressure tapgrobe. In addition, it has the advantage of minimizing the
that are connected to water manometers are axially spacecelectrical energy losses in the form of heat when compared
at 0.02m intervals on the riser wall. These taps were usedto electromagnets made of solenoids only. The evidence of
to measure the static pressure gradients along the riser.  this fact is that the temperature of the magnetic system does
The degassing section consists of transparent cylindernot rise above 4C for 1 h of continuous operation.
(i.d. 0.2m) of 0.2m height and is open to the atmosphere. The magnetic particles were prepared in the same manner
This part is carefully designed in order to improve the de- as described before by Al-Qodah et al. [24]. Their character-
gassing process in such a way that it prevents recirculationistics are shown in Table 1. The magnetic particles consist
of the fine gas bubbles through the downcomer. A perforated of a ferromagnetic core of magnetite g&®) covered by a
non-magnetic, stainless steel grid of 0.0003 m pore diame-stable layer of activated carbon or zeolite by using epoxy
ter is mounted on the base of the riser to support the solid resin as an adhesive. These particles are normally fluidized
phase and distribute the fluids. in the absence of the magnetic field and they are considered
In three-phase airlift reactors, the density difference be- as non-porous particles that show good adhesion properties
tween the riser and the downcomer is relatively low owing for cell or enzyme immobilization. The activated carbon and
to the presence of the dense solid phase in the riser. For thizeolite magnetic particles have black and green colors, re-
reason, the air is injected through a sintered glass distributorspectively. These colors facilitate visual observations. The
with a nominal pore size of 50m located at 0.04 m below  results of this study were obtained by using activated carbon
the supporting grid. The bottom end of the downcomer is magnetic particles of 1.1 mm diameter.
extended 0.1 m below the distributor. The distributor has a
conical shape. Six channels (i.d. 0.008 m) are furnished from 2.2. Procedure
its wall up to the supporting grid as a path for the circulated
water. This design is used to evenly distribute the gas phase The initial height of the bedlp,, is 0.1 m. A scale located
over the whole cross sectional area of the riser. In addition, on the riser wall was used to measure the bed height in
it prevents the gas phase from entering the downcomer.  addition to the method of static pressure profiles up the entire
The magnetic system is made up of a mild steel core height of the riser. The bed height is taken as the point at
and 1500 coils made of a copper wire of 80~* m diame- which a sudden change in the slope of the pressure profile
ter. The core consists of 180 painted cast steel sheets withis observed. A level controller is used to maintain a constant
9% 10 *m thickness. The cast steel sheets are formed asliquid level in the degassing section. A variable area meter
shown in Fig. 2, in order to house the riser. The net height of (Platon, UK) is used to measure the gas flow rate.

4 Holes
R44 15mm
Dia
~ -
Y /S\J
170 mm
82 mm
70 mm
| 180 mm B
D! .
250 mm

Fig. 2. Schematic diagram of a sheet of the magnetic system.
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Table 1

Characteristics of the magnetic particles used in this study

Material used to ob (kg/m?®) ps (kg/m?) Shape factor dp (MmmM)  Umio (M/S)  Bs (MT) Color Porosity,so Cp (J/kg)
cover magnetite

Activated carbon 1 1750 3020 0.9 0.9 0.574 590 Black 0.42 362
Activated carbon 2 1905 3230 0.9 1.0 0.690 590 Black 0.41 370
Zeolite 2100 3500 0.8 11 0.803 590 Green 0.40 478

The riser gas holdup,, is determined by collecting the Liquid holdup in the three-phase beg, is calculated
overflowing water from the degassing section which floods from the following equation:
after the injection of the gas phase from the distributor. This
method is found to be suitable for measuring the riser gasé =1 — & — &gb
holdup in both modes of operation, because in magnetizing
first mode the gas holdup increases as the gas velocity in-
creases, and in magnetizing last mode, gas holdup increase

®)

Liquid circulation velocity, U\, is measured using a pho-
tocell. The measuring circuit of this device is shown in Fig. 3.
R consists of a light source detector and a plastic turbine

as the magnetic field intensity increase.

The overall holdups in the three-phase region are deter-

mined directly from the measurement of the particles weight
within the bed. The following relationships hold for phase
holdups: the initial solid holdupsse, and solid holdup after
bed expansiorgs, are given by

W/ps
Eso = AHbo (1)
H,
Es=1— (Fb:) €so (2)
The following equation holds for the bed porosity,
e=1—¢g 3)

mounted vertically on the middle of the downcomer. The
plastic turbine rotates at a rate proportional to the liquid cir-
culation velocity. Thus, its blades cut the light beam and
affect the reading of the light detector. The output of the
photocell is calibrated with a variable area rotameter.

Local gas holdupsg, is measured using an electroresis-
tivity probe. The measuring circuit of this probe is shown
in Fig. 4. The probe is contained in a metallic cover (i.d.
0.004 m) except for a distance of 0.003 m from the tip. The
annular space between the electrode sensitive tip and the
metallic cover is filled with epoxy resin as an insulator. The
sensitive tip, which is exposed to the three-phase bed, has
a diameter of 0.02mm and it is cut to have a flat surface
that makes 45with the riser axis. A seal is provided be-
tween the wires and the end of the metallic cover. The probe

The mean gas holdup in the three-phase bed is determineds mounted at a height of 0.06 m above the supporting grid

from the following equation:

Egb = E€gr — €a 4)
Hy; — Hy,

a

whereg; =

using a silicon stopper as seal. The electrode is movable
and could be positioned at any point in the radial direc-
tion of the riser. A DC amplifier adjusts the output of the
probe to give a voltage drop ranging from 0 to 1V when
the circuit at the tip of the probe is opened and closed by

Fig. 3. Electrical circuit of the photocell: (1) downcomer; (2) turbine; (3) signal; (4) DC source; (5) primary amplifier; (6) counter; (7) seksibiit

(8) AC to DC converter; (9) readout.
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(a) 1

(b) \

Fig. 4. Electrical circuit of electroresistivity probe. (a): (1) riser; (2) probe; (3) amplifier; (4) operative amplifier; (5) calibration; (6ltre@do
(1) Electrode sensitive tip; (2) epoxy resin; (3) metallic cover; wires to the measuring circuit.

the bubble and liquid phase, respectively. The output from The overall volumetric mass transfer coefficieKy,a, is
the electrode is transformed into a digital readout. A Hall determined from the slope of the straight line obtained
probe (Leybolo-Heraeus, Germany) is used to measure thefrom a plot of InC|" — C)) against time. This method of
magnetic field intensity. evaluatingK a is applicable when assuming a well-mixed
The overall volumetric mass transfer coefficiet,a, in liquid phase, a constant gas concentration along the riser
the riser is determined by means of the dynamic gassing-inheight and a fast response of the oxygen electrode to a
method [17,25,26]. The dissolved oxygen is first removed change in the dissolved oxygen concentration. These as-
from the reactor by sparging nitrogen gas until the dissolved sumptions are in good agreement with the hydrodynamic
oxygen concentration falls to 0-5%, at a nitrogen superfi- behavior of the present reactor. Liquid circulation velocity,
cial velocity of 0.025m/s. After that the nitrogen flow is U, is sufficient to cause good mixing to satisfy the first
stopped and the air flow was started. The change of the dis-assumption, i.eUjc values cover the ranges from 0.005
solved oxygen concentration in the riser is measured with to 0.018 m/s. The low solubility of oxygen in the liquid
fast oxygen probe (Gallen Kamp, UK) whose probe is in- phase and the fast response of oxygen electrode are ex-
serted through the riser wall at a height of 0.23 m above pected to fulfill the second and the third assumption, resp-
the supporting grid. The probe time constant is 0.84 s for a ectively.
sudden probe transfer fromaNo O, saturated water. The
output signals from the probe are processed in a module2.3. Experiments in this study were conducted in two modes
system, which changes the signal to percent saturation as

a digital readout. Each run is stopped when the dissolved 1 ‘Magnetizing first which means that the magnetic field

oxygen concentration reached saturation. _ is turned at a desired value and applied to a static bed.
The oxygen mass transfer balance is the given by the  after that the fluid velocity is increased. In this mode of
following equation: operation and before starting each experiment, the bed is

fluidized in the absence of the magnetic field for 3 min,

dc, followed by a slow decrease of the gas flow rate down

— =Ka(C| - C 6 X . S :
dr La(Cy ) © until the formation of the initial packed bed. This pro-
cedure limited the residual effects of past experiments at
WhenK| a is considered to be independent of time, integ- high magnetic fields.
ration of Eq. (6) withC;=0 att=0 gives 2. ‘Magnetizing last’ which means that the bed is first

fluidized, then the magnetic field intensity is gradually
. KLa increased while keeping the gas velocity at a constant
Q=G (1—Exp<— - )) ) Ul ping fhe 9 Y
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3. Results and discussion 0.19
0.18 A
3.1. Riser gas holdup 0.17
Z 0.16 -
Fig. 5 shows the average riser gas holdag, as a o 045
function of gas superficial velocityly, at magnetic field in- T
tensities of 0, 26 and 76 mT (magnetizing first mode). Two 2 0.14 4
important points are evident in this figure. First, the riser @ 0.13 -
gas holdupggr increases as the superficial gas velodity, (2 0.12 1
increases. Second, the rate at whighincreases, depends o 041 -
on Ug and the magnetic field intensity. For example, this T
rate increases at low gas velocities, iy<0.03m/s and 0.1 4 < Uam032 (w0%)
decreases at relatively higher gas velocities as the magnetic 0.09 - o Ug=.052 (m/s)
field intensity increases. Fig. 5 shows that when the gas ve- 0.08 [ [ . . : : :

locity increases from 0.02 to 0.21 m/s, the riser gas holdup
. L - - 10 2 30 40 50 60 70 80
increases 311, 227, and 172% at magnetic field intensities 0 0
of 0, 26, and 76 mT, respectively. B(mT)
In order to understand this behavior of the riser gas _ o . .
. . Fig. 6. Effect of magnetic field intensity ong at two different gas
holdup under the combined effect of both the gas superfi- | cities (magnetizing last mode).
cial velocity and the magnetic field intensity, it is necessary
to describe the effects of these parameters on the bed flow

regime and expansion characteristics in the two modes ofped of aggregates of particles exists. In this regime solid
operation. It is observed that when the gas superficial veloc- mixing starts and its intensity increases when increasing the
ity is increased while maintaining constant magnetic field gas superficial velocity. In addition, bubble coalescence oc-
intensity, the bed starts to change its structure by a processyrs and the diameter of the bubbles leaving the bed reaches
of slow and regular expansion. Furthermore, agglomeration g 01 m. In this case the bubble rising velocity increases. As
of the magnetic particles into aggregates or strings oriented, result the effect of the magnetic field intensity on the riser
horizontally with the field lines was clearly seen before the gas holdup in the fluidized regime is not significant. It is ev-
onset of the fluidized bed regime, i.e. in the magnetically jgent from Fig. 5 that at gas velocities beyond 0.2 m/s, the
stabilized regime. These stagnant strings or chains of parti-y5jyes of the riser gas holdup are independent on the mag-
cles are able to prevent coalescence of the small gas bubblegetic field intensity.
especially at relatively high magnetic field intensities. As a Fig. 6 shows the effect of magnetic field intensiB;,
result, the gas bubbles rising velocity remains constant lead-gn the riser gas holdupg, at gas velocities of 0.032 and
ing to an increase in the bubble residence time in the bed andy g52 m (magnetizing last mode). It can be seen that as the
consequently increases the gas holdup. The diameter of thenagnetic field intensity changes from 0 to 70 mT, the riser
largest bubble leaving the stabilized bed is about 0.003 m. gas holdup increases from 0.09 to 0.16 and from 0.1 to 0.18
After the destruction of the stabilized bed at a fluid vel- 4t gas velocities of 0.032 and 0.052m/s, respectively. In
ocity beyond the minimum fluidization velocity, a fluidized  aqdition, the effect of the magnetic field intensity on the riser
gas holdup in this mode of operation resembles that in the
magnetizing first mode. The bed in both modes undergoes
expansion as a result of the simultaneous action of both the

0.28

0.24 arrangements of the aggregates in the direction of the field
z 0.2 lines and the momentum of the flowing fluids.
_§ ' The riser gas holdup data are correlated in terms of the
;cg 0.16 gas superficial velocity and the magnetic field intensity since
P the other parameters are maintained constants. The com-
6 12 puter program for curve fitting ‘Origin’ obtains the empirical
2 0.08 - relation given below:
4 eB=0 (mT)

0.04 AB=26(mT) egr = 0.45262/547%7 exp Q00778 (8)

®B=76 (m T)

0 T —————— T

In this correlation the range of variables covegsfrom 0.02
to 0.20m/s and from 5 to 76 mT. At these conditions an
expanded stabilized bed exists. Below these values the bed

Fig. 5. Effect of gas velocity omg, for three magnetic field intensities ?3 packed with very |0_W liquid Cir9U|ati0n r_ate- In addition,
(magnetization first mode). if B<5mT, the resulting magnetic cohesion forces among

0 2 4 6 8 10 12 14 16 18 20 22
Ug (cmls)
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0.16 0.14
0.14 =z
- T 0.12
042 m
° )
0 £ 01 -
o 01 P
c o
g-0.08 E 0.08 |
3 0.06 4 £
f' ®B=0 (mT) @ 0.06 1 + Ug=.032 (m/s)
3 0.04 4 HB=10 (mT) O e Ug=.052 (m/s)
AB=42(mT)
0'02 o B=60 (m T) 0-04 T T T T T T T
®B=76 (m T) 0 10 20 30 40 50 60 70 80
0 T r T T T T T
0 3 6 9 12 15 18 21 24 B(mT)

Ug (cmis) Fig. 8. Effect of magnetic field intensity opg, at two gas velocities

Fig. 7. Effect of the gas velocity oy, at several magnetic field intensities (magnetizing last mode).

(magnetizing first mode).

The following correlation relatesgy, to the gas superficial

the particles in the bed are weak and do not influence theve'c’CIty and the magnetic field intensity:

bed hydrodynamics. The standard error of estimate is 0.071.8gb — (0.0404+ 0.O33Ug)B°'229 9)

3.2. Bed gas holdup In this correlation the range of variables is the same as in
Eq. (8) and the standard error of estimate is 0.051.

Fig. 7 shows the mean gas holdup data in the three-phase The behavior ofegp n three-phase magneto awlnft
bed,sqp, as a function of gas superficial velocity at magnetic columns reseml_)Ies that n three-phase mag_neto fluidized
field intensities of 0, 10, 42, 60, and 76 mT (magnetizing beds, alf[hough its values In _the former are higher, due to
first mode). It is evident thatg, increases when increasing the relatively high gas velocities used.
the gas velocity. In addition, the rate of increase is higher
at low gas velocities, after the injection of the gas phase in 3-3. Local gas holdup
the riser, than it is at high gas velocities. For example, at a
magnetic field intensity of 42 mTgy increases from 0 to Changing the radial location of the electroresistivity
9.6% and from 10.1 to 10.8% as the gas velocity increasesprobe systematically produces radial profiles of the local
from 0 to 0.02 and from 0.06 to 0.08 m/s, respectively. Fur- 9as holdupeg, at different gas superficial velocities and
thermore, it is clearly seen that for the same gas velocity, different magnetic field intensities. Fig. 9 shows the results
egb increases as the magnetic field intensity increases. Thisof local gas holdup measurements at constant gas super-
behavior is attributed to the fact that the magnetic field con- ficial velocity of 0.052m/s and three different magnetic
strains particle movement, hence increasing resistance to gas
flow. Because the bubble rise velocity is reduced, the gas

holdup increases. Fig. 7 shows that at any gas velogjty, 0.17 -
increases more than twice as the magnetic field intensity in-
creases from 0 to 76 mT. __ 0151
The effect of increasing the magnetic field intensitygg ‘51 013 -
at gas velocities of 0.032 and 0.052 m/s (magnetizing last 2 ™
mode) is shown in Fig. 8. Itis evident that at a gas velocity of % 0.41
0.032 m/sggp increases from 5.7 to 12.5% as the magnetic §
field intensity increases from 0 to 76 mT. The reason for this & ¢.09 4
behavior is attributed again to the effect of the magnetic field ~ eB=0 (mT)
on the bed structure and porosity as mentioned earlier. This  0.07 4 4B=26 (mT)
behavior of increasinggp as a result of increasing in a ¢+ B=42 (mT)

magnetically stabilized bed utilizing a transverse magnetic ~ 0.05 T T T T
field is the opposite of the behavior gfy, in a magnetically 225 175 '1'? t'°'75f'°'2fh °(':25t 075 . 125 175 225
stabilized utilizing an axial magnetic field. In the latter case Istance from the Center (cm/s)

bed contraction occurs, gons_equer}tbb decreases When  Fig o, Effect of magnetic field intensity on the local gas holdup at a gas
increasing the magnetic field intensity [7,15,17]. superficial velocity of 0.052m/s (magnetizing first mode).
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field intensities of 0, 26, and 42 mT. The bed flow regimes and 0.052 m/s. The bed in this case is magnetically stabi-
corresponding to these magnetic intensities are fluidized, lized since these values bfy are below the minimum flu-
stabilized, and frozen bed regimes, respectively. It can beidization velocity,Ums, that corresponds to the applied mag-
seen in Fig. 9 thaty at the column wall increases from 33 netic field intensity of 42 mT, i.eUms=0.105m/s. Beyond

to 67% and finally to 94% of its value at the column axis as the minimum fluidization velocity, the local gas holdup gra-
the applied magnetic field intensity changes from 0 to 26 to dient gradually increases as the bed under these conditions
42 mT, respectively. This means that while increasing the is fluidized and is characterized by random motions of the
magnetic field intensity, elimination of the local gas holdup patrticle strings. In these circumstances the gas phase con-
gradients in the radial direction occurs. Consequently, this centrates near the axis of the riser. For example, it appears
leads to the elimination of the broad residence time distri- from Fig. 10 that alUg of 0.12m/s and of 42 mT, gg at
bution of the gas phase and the reduction of back mixing the wall is about 64% of its value when it is in the center.

in the liquid phase. The elimination of the local gas holdup

gradient in the radial direction is considered as one of 3 4 Bed porosity

the major advantages of magnetic field stabilization. This

behavior is very useful in the case of modeling of mass e phed porositys, is defined as the fraction of the bed
transfer processes in such §ystems, i.e. the assumptions of | ;me occupied by both liquid and gas phases, and as such,
the absence of radial gradients in the gas phase and th§g girectly proportional to the expanded bed height [27].
absence of back mixing in the liquid phase are valid. Fig. 11 depicts the variations of the bed porositywith

Integration of the local gas holdup for the whole bed VOI'_ the gas superficial velocityly, at magnetic field intensities
ume gives an average of 92% of the value of the manometri- of 0, 10, 26, 42, 60, and 76 mT (magnetizing first mode). It

cally obtained average bed gas holdup. This result indicates., pe seen in Fig. 11 thatincreases as the gas velocity
that the probe is able to detect the majority of the gas bubblesj, ;e ases. The behavior of bed porosity increase depends on
existing in the riser. The other 8% of the gas bubbles could .+, Ug and B. The bed porosity increases at a high rate
be considered as very small, and cannot be detected by the, relatively low gas velocity, i.eUy<0.06m/s and high
probe. Thus, local gas holdup measured by the eIectroresis—magnetiC field intensity, i.8>26 mT. When the gas velocity
tivity probe could be used to evaluate the radial profiles of o, aeds 0.065m/s at magnetic field intensities of 26, 42,
the local gas holdup, and give a good approximation of the g4 anq 76 mT bed porosity increases in a relatively slow

bed mean gas holdup. However, the absolute value of the ie This pehavior is attributed to the bed structure at these

mean gas holdup in the bed could be accurately measured,,gitions and to the maximum height of the bed, which
only by the direct manometric method described earlier. 0ot exceed the height of the magnetic system.

The results obtained in this mode of operation are inagree- 5.0 more phenomenon regarding bed porosity in this
ment with those of Hu and Wu [15], who showed using elec- 1,46 of operation, is the ability of the applied field to ex-

troresistivity probe that the radial profile efy decreases o, the ped before starting the gas flow. This phenomenon
when increasing the intensity of an axial magnetic field. .5 pe attributed to two reasons. Firstly, as the initial bed
Fig. 10 depicts the effect of three different gas superficial height is shorter than that of the magnetic system, the field

velocities of 0.032, 0.052, and 0.12m/sgat a constant  |ineg tend to stretch up the particles to cover the whole height
magnetic field intensity of 42 mT. It is evident from Fig. 10

thateg gradients are not significant &ly values of 0.032

0.7
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e =y
o ]
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Fig. 10. Effect of gas superficial velocity on the local gas holdup at a Fig. 11. Effect of the gas velocity on bed porosity,at several magnetic
magnetic field intensity of 42mT (magnetizing last mode). field intensities (magnetizing first mode).
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Fig. 12. Effect of magnetic field intensity on bed porosity, at two Ug (cmis)

different gas velocities (magnetizing last mode).
Fig. 13. Effect of gas velocity on solid holdups, at several magnetic
field intensities (magnetizing first mode).

of the magnetic system. Secondly, the magnetized particles

tend to orient themselves horizontally with the field lines. As | (¢ magnetic field produces a more uniformed structure of
shown in Fig. 11, the initial bed porosity, ieatUg=0m/s = 1¢ stapilized bed, than an axial field in which channels are
increases from 0.42 to 0.525 as the magnetic field intensity easily formed. However, an axial magnetic field provides a
INCcreases from 0 to 76 mT. o _ stabilized bed of wider range of the operating gas velocity
Fig. 12 shows the effect of the magnetic field intensity ;, magnetizing first mode, i.e. hightfy value than that

on the bed porosity at gas velocities of 0.032 and 0.052m/Sj, 5 transverse magnetic field at the same magnetic field
(magnetizing last mode). It is evident from Fig. 12 that at intensity [7].

Ug of 0.052m/s the fluidized bed porosity increases from
0.44 to a maximum porosity of 0.642 &sincreases from 3.5. Solid holdup
0 to 76 mT. During this expansion process, the magnetic
field tends to orient the formed strings horizontally with the
field lines, and it suppresses their movements. At relatively
high values ofB, i.e. B>60 mT, the string movements are
completely impeded. At this point a frozen bed is said to
exist. In this regime the magnetic particles form a porous
and stationary mass.

The bed porosity data are correlated and the following
empirical formula is obtained:

Fig. 13 shows the effect of gas superficial velocity on
the solid holdupgs, at magnetic field intensities of 0, 10,
42, and 76 mT. It is clear from Fig. 13 that at constBnt
the solid holdup decreases rapidly after the injection of the
gas phase. Then it decreases at a slower rate with increas-
ing Ug. At a relatively high magnetic field intensity, i.e.
B>42mT, and wherlJg exceeds 0.12 m/gs decreases at
approximately constant rate because the bed at these condi-
e = 0.6115/0-185350.1588 (10) tions is fluidized and its expansion behavior resembles that

g of unstabilized bed.
The range of variables in this correlation is as in Eq. (8) and  Fig. 14 depicts the variation af with B at Ug of 0.032
the standard error of estimate is 0.045. and 0.052 m/s (magnetizing last mode). For example, Fig. 14

It should be noted that bed expansion in this magnetizing showed that atJg of 0.052m/s,.es decreases from 0.575
last mode of operation represents one of the basic differencego 0.4 asB increases from 0 to 76 mT. This behavior is
between the effect of a transverse and an axial magneticattributed to the effect of the magnetic field intensity on the
field where the fluidized bed contracts as the magnetic field bed porosity. It has been mentioned above th&iasreases
intensity increases [7,15]. Although the axial fields provides ¢ increases. Consequenthg decreases as Eg. (3) implies,

a greater degree of magnetic stabilization than a transversedut at relatively high values @ where a frozen bed exists,
field, the latter gives a more uniformed bed structure than B does not affect the solid holdup. By using Eq. (3) and the
the former where channels are easily formed. empirical Eqg. (10) the solid holdup can be calculated.

Notably, the bed expansion behavior in this mode of
operation (i.e. the bed expands as the magnetic field inten-3.6. Liquid holdup
sity increases), might be an advantage of a transverse mag-
netic field over an axial magnetic field, where the bed height Phase holdup is one of the important hydrodynamic phe-
decreases as the magnetic field intensity increases. Contrachnomena in three-phase systems. It affects the bed volume
tion of the fluidized bed results in the formation of channels and the residence time of the fluid phases. In particular, the
in the formed aggregated bed [9,15]. Consequently, a trans-liquid phase plays an important role in correlating both heat
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Fig. 14. Effect of magnetic field intensity on solid holdug, at two

different gas velocities (magnetizing last mode). Fig. 16. Effect of magnetic field intensity on liquid holdug, at two
different gas velocities (magnetizing last mode).

transfer and mass transfer coefficients [28]. For this reason,

the effect of gas velocity and magnetic field intensity on lig-  G-L-S systems. The significance of this parameter increases

uid holdup,e, is studied. in bioreactors where oxygen is a critical substrate for cell
Fig. 15 shows the effect of gas velocity on the liquid metabolism and for bio-oxidation reactions, owing to the

holdup at magnetic field intensities of 0, 10, 42, and 76 mT. poor solubility of oxygen in aqueous solutions. Enhance-

It can be seen that) rapidly decreases after the injection ment of oxygen transfer to the liquid phase in aerobic bio-

of the gas phase when the bed exists in the packed regimeprocesses is a primary requirement to maintain the activity

i.e.Ug<0.02m/s. In the rangey>0.02 m/s, the bed starts to  of the biocatalyst and to increase the rate of the aerobic pro-

expand and as a consequergéncreases ablg increases,  cesses.

owing to the gradual increase of the bed porosity. Fig. 17 depicts the effect dfig on the mass transfer co-
The variations of liquid holdup with magnetic field in-  efficient, K_a, at magnetic field intensities of 0, 42, and

tensity at gas velocities of 0.032 and 0.052m/s are shown7gmT. It can be seen in Fig. 17 th&t a is strongly depen-

in Fig. 16 (magnetizing last mode). At a gas velocity of dent onUyg in the three-phase airlift contactors. For exam-

0.052m/s, liquid holdup increases from 0.387 to 0.506 as ple, at a magnetic field intensity of 42 mK_a increases

B increases from 0 to 76 mT owing to the increase of bed from 2.0x10°2 to 5.75x 10~ 2/s asUg increases from 0.02

porosity. to 0.10 m/s. Fig. 17 shows that the influences of gas flow
o o rate onKa for a given magnetic field intensity may be rep-
3.7. Gas-to-liquid mass transfer coefficient resented by a linear equation. In additiéf,a is positively

affected by the application of the magnetic field owing to
Gas-to-liquid mass transfer coefficient is an important its effect on the gas holdup, bubble sizes and bed height.
parameter in the overall performance of some three-phaseThe magnetic field increasegy,, and the bed heightip,
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Fig. 15. Effect of gas velocity on the liquid holdup, at several magnetic Fig. 17. Effect of gas velocity ol a, at three different magnetic field
field intensities (magnetizing first mode). intensities (magnetizing first mode).
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Fig. 18. Effect of magnetic field intensity dfi a, at several gas velocities
(magnetizing last mode).

and reduces the bubble sizes. As a result, the magnetic fleIdA‘
increases the specific surface ar@apf the bubbles.
Fig. 18 shows the variations Kf awith B at gas velocities
of 0.03, 0.05, and 0.08 m/s (magnetizing last mode). It can
be seen that at a gas velocity of 0.05n#s$,a increases [
from 2.9x10°2 to 4.05<10 %/s, i.e. 39% as the magnetic
field intensity increases from 0 to 76 mT, due to the same dp
reasons mentioned above. These results are in agreement
with those of Colin et al. [22] who found that the magnetic Ha
field increases the rate of reaction. In contrast, Thompson Hp
and Worden [17] reported thK{ ain a three-phase fluidized Hoo
bed utilizing an axial magnetic field decreases or remains Hr
constant when increasirig Hw
The mass transfer coefficient data are correlated in terms

of Ug andB and the following empirical relation is obtained: KLa
S

ay t

C|

KiLa = (0.0095+ 0.37Ug) B%004¢

, - I .9
The range of variables in this correlation is the same as in Yy,

Eq. (8) and the standard error of estimate is 0.052. Unnf
Umi

4. Conclusions w
Ps

The experiments carried out, have allowed an assessment
of the effect of a uniform, transverse and steady magnetic e,
field on the phase holdups and gas-to-liquid mass transfer
coefficient in a three-phase airlift reactor with magnetic par- gy
ticles. The experimental results show significant changes ineg
the behavior of these parameters in magnetized beds ovekg,
those in conventional systems. 8

The effects of the intensity of the applied magnetic field &g
and the gas superficial velocity on the riser and bed gaseq,
holdups, the local gas holdup, liquid holdup, solid holdup,
and the bed porosity are investigated. It is found #gategp,
ande increase when increasirig and Ug while operating
in the stabilized regime. In contrasts, and ¢; decrease
under the same conditions. In addition, while the magnetic
field tends to eliminate the radial differences in the local gas

g 6 holdup values, the gas superficial velocity tends to increase
g °° these differences. Furthermore, both 4§ and B have a

% 51 positive effect on the mass transfer coefficient.

£ 457 The two modes of operation, i.e. magnetizing first and
E 49 magnetizing last, have not been found to produce significant
9 3.51 differences in the phase holdups and mass transfer charac-
‘é 34 teristics. Any difference can be attributed to the formation
G 25 / of radial cracks in the bed at high valueslgf andB in the

S 24 4 Ug=.03 (m/s) magnetizing last mode.

" 15 A Ug=.05 (mis) Correlation equations fafyr, £, ¢ andKy a as functions

o 1 @ Ug=.08 (m/s) ar =g e .

s —_— of both Uy andB are proposed. These empirical equations

show good agreement with the experimental data especially
that under conditions where a stabilized bed regime exists.

5. Nomenclature

cross-sectional area of the riserqm
magnetic field intensity (mT)

instantaneous oxygen concentration in the
liquid phase (kmol/rR)

oxygen concentration in the liquid phase in
equilibrium with the gas phase (kmol#n
water height in the manometer that corresponds
to the static pressure at supporting grid (m)
riser height-bed height (m)

bed height( m)

initial bed height (m)

riser height (m)

water height in the manometer corresponding to
the static pressure at the bed surface (m)
gas-to-liquid mass transfer coefficient (/s)
saturation magnetic intensity (mT)

time (s)

gas superficial velocity (m/s)

liquid circulation velocity (m/s)

minimum fluidization velocity (m/s)
minimum fluidization velocity with liquid
only (m/s)

bed weight (kg)

density of the magnetic particles (kgfjn

bed porosity, dimensionless

gas holdup above the three-phase bed
(dimensionless)

gas holdup in the bed (dimensionless)
local gas holdup in the bed (dimensionless)
gas holdup in the riser (dimensionless)
liquid holdup (dimensionless)

solid holdup (dimensionless)

initial solid holdup (dimensionless)
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