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SUMMARY

Part 6 of the series Magnetic Field Assisted Fluidization- a Unified

Approach is devoted to gas-liquid-solid fluidized beds. The article is a

systematic analysis of this branch of magnetically controlled fluidization that

is, in fact, the first review since the brief comments of Liu et al. (1991).

Unified approach developed in the previous parts of the series does permit

establishment of a clear point of view on the current state and definition of

future problems. A special issue in this review is the classification of

magnetically assisted three-phase fluidization. Nowadays, this classification
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scheme is unique and allows to analyze the up-to-date status of magnetically

assisted three-phase fluidized bed and to figure potential research branches

both in deep process studies and development ofnew devices'

The analyis spans bubble columns with magnetization FIRST and LAST

mode of operations, magnetically assisted slurry bubble columns, trickle beds

based on magnetically stabilized (or frozen) beds and magnetically assisted

airlifts with controllable liquid circulation. All these issues make Part 6 a

comprehensive review thoroughly investigating one undeveloped, but with a

great potential, branch of magnetic field assisted fluidization.

PREFACE- PreliminarY Thoughts

Dear reader, Part 6 of the series Magnetic Field Assisted Fluidization

(MFAF) was completed during the last two years (2006'2007) and collated

results from investigations performed in many countries and published

mainly in English and Chinese. The G-L-S fluidization began with the

pioneering works of Hu and Wu (1987, 1988) 20 years ago. Magnetically

controlled G-L-S fluidization is attractive technique for biotechnological and

chemical mass transfer operations since magnetic particles can be easily

removed from the process fluids and enable bed gas holdup control that

directly affects the mass transfer efficiency.

The present article addresses basic hydrodynamic characteristics of gas-

liquid-solid fluidized beds assisted by extemal magnetic fields such as critical

velocities, pressure drop, phase holdups, etc. The unified approach in data

analysis, established in Hristov (2002), is developed here thus allowing easy

parallelism in bed behaviour description and analysis of phenomena.

Particular sections explain the contemporary problems that should be solved.

Generally, the article could be considered as a study on magnetically assisted
'G-L-S beds based on published results and performed from a unified point of

since systematic analysis has not been published so far.

I.INTRODUCTION

Part 6 of the ongoing MFAF series collates and investigates results

relevant to hydrodynamic performance of gas-liquid-solids systems subjected
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to external magnetic fields. Unlike the gas-solid and liquid-solid counterparts
these fluidized systems are relatively new. Most of them deal with simple
technological operations and the goals are in very narrow areas: to perform a
particular mass transfer operation holding particles in the working volume by
help of external magnetic field. This impedes the formation of a common
source of knowledge since in many cases basic hydrodynamic information
(the background of any mass transfer operation) is basically missing. Despite
this, the work done here had as examples the previous reviews, devoted to
gas-solid and liquid-solid beds and preferred as models of analysis performed
with huge published data. That is, the style accepted in the previous reviews
helps us to remove more data than those reported by the original works and to
develop discussions that are more general then the particular topics of this
review.

The review addresses commonly used characteristics in the fluidization
such as pressure drop, phase diagrams, bed expansion, minimum fluidization
velocity, phase holdups, etc. The main idea was to create a review with a
structure similar to that done for gas-solid and liquid-solid beds allowing
easy comparison and differentiation in bed behaviour under different
experimental conditions imposed mainly by the gas-liquid flow mode and
magnetization conditions. Commonly, unlike magnetically controlled gas-
solid beds where bubbles cease is of primary importance, the three-phase
fluidization calls for bubble size control via manipulation of the solid phase
behaviour and adjustment of gas and liquid superficial velocities (Fan, 1989).
The main idea from a chemical engineering standpoint is quite simple: to
achieve high gas-liquid interface area through bubble breakup. Besides,
manipulation of fluid flows (gas and liquid) looks for a desired flow regime
such dispersed bubble Jlow (see further in the text) or at least churn flow
mode. This is an essential formulation of the main idea how to apply external
magnetic fields to fluidized magnetic solids, either on preliminary fluidized
particles (Magnetization LAST) or on fixed beds (Magnetization FIRST)
enabling creation of a "stabilized bed" regime. Mass transfer operations
impose additional requirements such as low axial dispersion, almost plug-
flow regime, etc. Such characteristics are not commented here since the
present author's point of view is to discuss them alongside mass transfer
operations - the forthcoming Part 7 is devoted to this important but yet not
analyzed problem.
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The present analysis begins with a general analysis of fluidization units,

magnetic systems and particles used in various studies. This allows to create

a general point of view concerning main tendencies in design of both

magnetic systems and particles for G-L-S MFAF. Further, the major part of

the review is devoted to bubble columns (BC). In contrast to original works a

separation into sub-groups such as Bubble columns with dense beds, Slurry

bubble columns and Trickle beds is done that enables easy analyses of data

and creates links to non-magnetic counterparts. Magnetically assisted airlifts

form a separate branch of G-L-S MFAF as it is illustrated by the

classification drawn in the present review and commented next'

As usual, in this review series bed hydrodynamics is discussed with the

two principle modes of magnetization, i.a FIRST and LAST. Additionally

two principle approaches to manipulate the flow modes, i'e' Gas-Scun and

Liquid-Scan modes are conceived. This approach does permit to develop a

classification scheme, based on that originated by Fan (1989), and initially

conceived by Hristov and Hadzisawas (1997). This classification fills the

knowledge gap in the existing published works addressing systematization,

namely: absence of any functional links between the magnetization modes,

gas and liquid flow organization, solids phase behaviour, etc. Besides, this

classification draws branches in G-L-S MFAF non-explored yet and forms a

basis that can be expanded with new trends in the future'

This brief presentation draws the structure of the review but more detailed

information is available in its particular sections. Hereafter, previous parts of

the review series (Hristov,2002,2003a,b,2004,2006) will be referred as

Part l, Part2, Part 3, Part 4 and Part 5 respectively for seek of simplicity.

Part 6 is an independent study but some basic knowledge to understand the

comments is required and in this context the previous reviews are essential

sources of information'to readers not experienced in MFAF.

1.1. Briefs on magnetically assisted Bubble columns and Airlifts

Fluidization of ferromagnetic particles in the presence of an external

magnetic field was conventionally carried out with the fluidizing agent being

liquid or gas in axial (Hristov, 2002,2006) but in the last decade of the 20s

century the attention was focused on the behaviour of magnetically stabilized

three-phase (gas-liquid-solid) beds. Liu et al. (1991) gave a comprehensive

review of the fluidization in a magnetic field including the studies of three-
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phase fluidized bed published up to 1990. The present series ofreview papers

(Hristov, 2002; 2003 a, b; 2004; 2005) on magnetic fi eld assisted fl uidization

has started a unified approach in the fluidized bed analysis and systematic

interpretation.
The main area of applications of three-phase fluidized beds with magnetic

solid phase is in biotechnology (Hristov and lvanova, 1999). The first

application of the possibility to control the solid phase movement as well as

the gas holdup in a bubble column was reported by Hu and Wu (1987, 1988)'

After 1991 the efforts were directed to hydrodynamics (Kwauk et al.,1992;

Thompson Worden, 1991,1997; Chen and Leu, 1998a, 2001,2002; Hristov

and Hadzisawas,1997) studies of axial dispersion coefficients of the liquid

phase (Kwauk et al., 1992; Thompson Worden, 1991,1997; Chen and Leu,

1998b; Sajc et al., 1994), gas-liquid mass trhnsfer (Kwauk et al, 1992;

Thompson Worden, 1997; Chen and Leu, 1998a, 2001), gas-hold-up and

interfacial area (Kwauk et al., 1992; Thompson Worden, 1997; Chen and

Leu, l998a,b; 2001, 2002; Sajc et al, 1995, 1996) and magnetically

controlled bioreactors with immobilized enzymes and cells (Hristov and

Ivanova, 1999; Ivanova et al, 1996; Al-Qodah,2000c).

Most of the above commented studies were carried out in axial magnetic

fields, while the use of transverse fields was rare (Hu and Wu, 1987, 1988;

Ivanova et al., 1996; Hristov, 1998a; Hristov and Hadzisawas, 1997; Al-

Qodah, 2000c). Furthermore, the studies considered a co-current gas-liquid

fluidization in accordance with the taxonomy of Epstein (1981) or with the E-

I-a-l mode according to Fan's classification (Fan, 1989) - see Classiticotion

next. The mode of operation with respect to the magnetic field application is

Magnetization LAST (Siegel, 1987; Hristov, 1998b), i.e. the field acts on a

preliminarily fluidized bed. Only two studies (Ivanova et al., 1996; Hristov

and Hadzisavvas, 1997) applied the opposite mode (Magnetization FIRST)

till 1996. The literature data till 1996 was collected by Hristov and

Hadzisavvas (1997\ and a classification scheme based on Fan's classification

was conceived.
All the comments above address bubble columns while magnetically

controlled airlifts belong to a relatively new trend in MFAF. In the airlift

reactor the liquid velocity depends both on the gas velocity and the hydraulic

resistance of the downcomer (Chisti, 1989). The interrelation between both

velocities in the airlift loop (hereafter airlifts with external loops will be

considered) is complex and the operating conditions affect the fluidization
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regimes and the stabil ity of f luidization (Verlaan, 1981; Douek et al., 1995)'

Recently Hristov (l99Sa), Al-Qodah et al. (Al-Qodah, 2000a, b, c; Al-Qodah

and Al-Hassan, 2000) and Hristov (2005a, b) have reported results on airlifts

utilizing transverse magnetic fields. These studies address mainly the

magnetic field effect on the gas-holdup and the liquid circulation velocity.

Moreover, Al-Qodah (2000a) and Al-Qodah and Al-Hassan (2000)

demonstrated the magnetic field effect on the gas-to-liquid mass transfer in a

way similar to that reported by Thompson and Worden (1997) in an axial

f ield.

The variety of situations with magnetically assisted three-phase fluidized

beds and the results published call for a systematization allowing easy

comparison of existing information and more methodical future studies.

Systematization is based on the Fan's classification (Fan, 1989) of non-

magnetic G-L-S fluidized beds (see Fig.l) allowing easily to realize new

issues imposed by magnetic field application is developed next.

.*;

380



Jordan Hristov .Reviews in Chemical Engineering

Fig. l: Fan's classification concerning expanded bed regimes of bubbles

columns and transport flow regimes. Adapted after Fan (1989) and

restricted to cases allowing magnetic field assistance.

1.2. Classification

The classification scheme conceived by Hristov and Hadzisawas and
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developed recently (Hristov, 2005a) (see Fig.2) allows clarifuing the basic

operation modes of bubble columns controlled by external magnetic fields.

Further, it is an instructive chart providing present day information (till the

end of 2007) in the area of magnetically G-L-S beds and builds a scheme

allowing a more unified presentation of the regimes employed as well as to

link these devices to the well known non-magnetic devices. The classification

structure calls some basic terms to be elucidated, among them:

o The magnetic field and the fluidizing flow can be applied independently

on the particle bed that leads to the well-known Magnetization FIRST

and Magnetization LAST operating modes (Siegel, 1987; Hristov,

1998b). The two-phase (gas-liquid) fluidizing flow consists of two

independent streams that may be applied in a different order to the

particle bed in spite of the action of the external magnetic field. The

scheme indicates that two modes of fluid flow application are possible:

o Liquid-scan mode (LSM) concerning a variation of the liquid velocity at

a constant gas flow;

. Gas-scan mode (GSM). This mode is well known from the classic three-

phase fluidization where the studies are always performed at a fixed

liquid velocity and a varying gas flow rate.

Liquid-scan and Gas-scan are additional terms allowing to realize how

the experimental results are obtained and how the shifts in regimes are done.

They explain variety of results obtained in most cases without clear strategies

and addressing problems and bed characteristics without interrelations of

phenomena behind them. In absence of a field as well as with Magnetization

LAST mode there are no differences between Liquid-scan and Gas-scan

modes. However, the application of Magnetization FIRST mode needs a clear

definition of bed stabilization or fluidization developed by gas at a fixed

liquid rate and vice versa (see further in the review).
. This classification scheme and its pertinent terminology are followed in

the analysis that henceforward follows.

1.3. Review Outlines:

Based on the drawn classification scheme the review addresses consequently

topics of magnetically assisted G-L-S fluidized beds, among them:
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Classlflcatlon schcme (structure)
of

Fig. 2: Classification structure of magnetically assisted G-L-S fluidization.

Note : The origin was published by Hristov and Hadzisawas (1997). An

update was published by Hristov (2005a). The present scheme draws the

nowadays situation and provide references published by the end of2007 (see

Table l).

G-L€ Magnetlcally Asslsted Fluldlzed Beds

MACNET|C CONDMONS

Fan's classiflcatlon

i m;X"; c-L€ MagnetlcallyAsslsted Fluldlzed Beds
| lotril !

T-I-.-I/MF
( Sollrt! brtch

TF
127,28,25
30,31,32,
33,34 IE*..1I-6

,tt6tffi
AF TF
I lr,'1,c,9,12,14,
t5, 15, r7 I

E-l-a-UML-LS
AF TF

t I ,3 '81

383



Vol. 23, No. 6, 2007 " Mognetic Field Assisted Fluidizaio*
A Unified APProach

Table I - List of references relevant to the classification scheme in Fig. 2

Reference

in Fie. I

Reference in the Present
- work

Fluidization

Svstem

Comments
(modes)

I Penchev et al. (1991) BC-co-current L-scan, G-scan
FIRST. LAST

2 Hu & Wu (1987) BC-co-current G-scan, LAST
a
J Hristov & Hadzisawas

(ree7)
BC-co-current L-scan, G-scan,

FIRST

4 Hu & Wu (1987) BC-co-current LAST. G-scan

5 Kwauk et al. (1992) BC-co-cunent FIRST. L-Scan

6 Thompson &Worden
(tee7)

BC-co-current G-scan LAST

7 Thompson & Worden
(1991)

BC-co-current FIRST, L-scan

8 Lu et al. BC Slurry
Co-current

FIRST, LAST,

L-Scan

9 Saic et al. (1994) BC-co-current LAST. G-Scan

l 0 Sajc et al. (1995) BC-co-currentFIRST, L-Scan,

G-Scan

l l Sajc et al. (1996) BC-co-current FIRST, L-Scan,
G-Scan

t2 Sonolikar et al. (1999) BC-co-current G-scan. LAST

l 3 Pesic (1997) BC-co-current FIRST, L-Scan,
G-Scan

t 4 Chen & Leu (1998a) BC-co-current G-scan, LAST

l 5 Chen & Leu (1998b) BC-co-current G-scan. LAST

l 6 Chen & Leu (2001) BC-co-current G-scan, LAST

l 7 Chen & Leu (2002) BC-co-current G-scan. LAST

l 8 Ivanova et al. (1996) BC Liquid batch
Gas in Situ

FIRST. L-scan

t 9 Meng et al. (2003) BC Slurry, Co-
current

LAST. L-scan

20 Li et al.(2006) BC Slurry, Co-
current

FIRST, L-Scan,
G-scan

21 Mu & Min. (1996) BC Slurry, Co-
current

FIRST L-Scan
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F

I

22 Mu et al. (1997) BC Slurry, Co-
current

FIRST, L-Scan

23 Mu et al. (2007) BC Slurry, Co-
current

LAST, L-scan

24 Sonolikar et al. (1999) BC Slurry Co-
curTent

25 Sonolikar & Raja Rao
(1996)

BC Slurry- L-
batch

G-scan. LAST

26 Zong(2007) BC Slurry, Co-
current

FIRST, LAST,
L-scan

27 Hristov (1998a) Airlift -+xternal

looo
FIRST, G.scan

28 Al-Qodah & Al-Hassan
(2000)

Airlift -+xternal

loop
29 Al-Qodah (2000a) Airlift -+xternal

loop
30 Al-Qodah (2000b) Airlift -+xternal

loop
3 t Raja Rao et al (1997) Airlift -draft

tube
32 Hristov (2005a) Airlift -+xternal

looo
FIRST, G-scan

J J Hristov (2005b) Airlift -+xternal

looo
FIRST, G-scan

34 Al-Qodah & Lafi
(2001)

Airlift --external

loop
FIRST, G-scan

35 Ouyang et ai. ltelo; BC Slurrywith
MDP

LAST, G-scan

36 Weng et al. (1990) BC Slurry with
MDP

LAST, G-scan

37 Weng et al. (1992) BC Slurry with
MDP

LAST, G-scan

38 Gui & Zhang (2006) Counter-current
Trickle bed

LAST, G-scan

39 Li et al. (2007) Counter-current
Trickle bed

FIRST,L-scan,
G-scan

3t5
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overview of experimental conditions among them: fluidization vessels,

magnetic systems, solids, liquids and gas used' flow distributor design'

measuring techniques and methodologies employed, basic operating

modes addressing mainly the flow organization, etc'

Bubble columns (BC) with coarse particles allowing formation of

f i xedbedsandope ra t i ngw i thbo thMagne t i za t i onF IRSTandLAST

modes.

slurry Bubble columns (sBc) with fine particles in both liquid batch

and liquid up-flow modes.

Ma gnetically assisted airlifts

2. OVERVIEW OF EXPERIMENTAL CONDITIONS

AND ISSUES THEREOF 1

2.1. Fluidization units - columns and distributor designs

Generally the fluidization units used in studies of magnetically assisted

G-L-S beds do not differ from those used in non-magnetic experiments'

Practically all vessels, known so far, are cylindrical in shape and operate as

simple bubble columns (Hu and Wu, 1987, 1988; Penchev et' al' ' l99l; Sajc

et al. 1996; Chen and Leu,200l' 2002), airlifts (Raja Rao and Sonolikar'

1996; Hristov, 1998a; Al-Qodah, 2000a; Hristov, 2005a)' multistage G-L-S

reactors (Wu et. al., 1988; Weng et al. 1992), trickle bed columns (Gui and

Zhang,2006;Li et al., 2007), etc.

Three-phase beds with upward gas-liquid flow impose special

r e q u i r e m e n t t o t h e d i s t r i b u t o r p l a t e s . I t i s w e l l k n o w n t h a t t w o - p h a s e
magnetically assisted beds require smooth flow conditions to create good

conditions for bed stabilization (Siegel, 1987, Part 5)' Figure 3 shows

schematicallysomedesignsofgas.liquiddistributingSystems.Thecommon
approach in column design is to put the gas distributor above a distributor

plate supporting the solids that is in general used to be fluidized by liquid

on ly . Inmosto f themthegas is in t roducedabovethe l iqu id inputd i rec t l y
in to theso l idsbu lk .Fromthepo in to fv iewofMagnet iza t ionLASTmode
where no bed stabilization is required these are simple designs working quite

well. However, in case of Magnetization FIRST mode another approach is

needed. that is the G-L flow has to enter premixed at the bottom of the

initiallv fixed bed. ln this context, Hristov (1998, 2006a, b) and Hristov and
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Hadzisavvas (1987) used a bottom bed of heavy particles that cannot be
fluidized. The gas and liquid flow are introduced in a classical manner, that is
the liquid at the bottom and the gas above it, but the supporting bed plays two
roles: l) produces almost homogeneous G-L flow, i.e. it works as a static
mixer; 2) supports the magnetic bed under fluidization. More detailed
description is given in Hristov (2005a) and 6. Magnetically assisted airlifts

Frlt d
ceramlc
rpelgor

Llquld In

B)

I oer tn

i"f'tfffttr*.""
r"'i-'I

Lrcurorn\i/

c)

Scruen wlttr
I porour plonum
baDedl

Pel'ordod
tuba. suppor[ng

paruclo
bed

3r Lhurd h
F)

O|rln

F

Fig. 3 Examples of gas-liquid distributor designs used in magnetically three-
phase fluidization
Schematically

a) Sada (1983)

b) Sada (1983)

c) Penchev et al. (1991)

d) Hu and Wu (1987) - hydrodynamic experiments
e) Hu and Wu (1987) phenol degradation
f) Hristov (1998a, 2005a,b)

2.2.Magnetic Systems

Magnetic systems used to assist G-L-Fluidization do not differ so much
from those employed in gas and liquid fluidization (Part I and Part 5).
Besides, most of them are used for liquid fluidizations (see Part 5) as
preliminary studies of bed behaviour. Figure 4 shows some typical
configurations (column-mogndic system) used in G-L-S MFAF. Generally,
axial magnetic systems based on short coils and solenoids dominate in the
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studied performed. This a routine approach in MFAF with roots in the early

studies on gas and liquid fluidized beds (see Part I and Part 5). Transverse

fields are rare and based on parallel pole magnetic systems (Kwauk et al.,

1992, Al-Qodah,2000a) and saddle coils (Penchev et al., l99l; Hristov,

1998a, b; Hristov, 2005a, b). For laboratory level studies the axial magnetic

systems have adequate sizes and may serve for variety of experiments.

However, increase in fluidization unit scale toward pilot-plant and industrial

level (Zong, 2007) results in huge systems with inefficiently used space.

Further, G-L-S fluidization units such as bubble columns and airlifts are tall

pieces of equipment that directly impose elevated magnetic systems. In this

context, axial field based magnetic systems need large number of coils, while

those employing transverse field have only one adequate solution known so

far. which is ssddle coik. ln this context, iron-yoke based (parallel poles)

electromagnets are by far inadequate and inapplicable due to enormous

quantity of metal needed and low efficiency of the working volume with

strong lateral field gradients. The correct magnetic system design is beyond

the topic of the present review but some brief comments are given in the

corresponding sections and in 5.3 Rationales of bubble column operation

and design.In general these problems will be discussed in Part l0 of the

present review series.

2.3. Solids,liquids and gases

Three-phase systems (Solids, liquids and gases) used in experiments are

quite simple and based mainly on water, air and iron particles. Further in this

article detailed tables summarize experimental conditions of studies under

review. ln spite of that and for a glance at the systems reviewed some data

are summarized in Table 2. Practically, iron, nickel and magnetite are the

principle solids used. To some extent, compounds based on Ca-alginate (Sajc

et al. 1995, 1996) doped with magnetite and magnetic cores covered by non-

magnetic layers such as activat;d carbon and zeolite (Penchev et al., l99l;

Al-Qodah, 2002a) are employed. In some studies (on bubble dynamics and

gas holdup) surfactants similar to those in classical hydrodynamics

experiments with bubble columns (Fan, 1989) are used'

388



}

Jordqn Hristw Reviews in Chemical Engineering

Fig. 4 Typical configurations column'magnetic syslem

a) Sada et al, (1983): Two solenoids of different lengths. I- top section of the

magnetic system; II- bottom section of the magnetic system; l- top solenoid; 2-

bottom solenoid

b) Sada et al, (1983) - field distribution

c) Hu and wu (1987, 1988)- hydrodynamic experiments. Short coils based

system.

d) Hu and wu (1987, 1988)-Helmholtzpair in phenoldegradation experiments

e) Kwauk et al (1992)- hydrodynamic experiments

f) Kwauk et al (1992)- bubble size control , Iron-yoke based electromagnet with

parallel poles

g) Weng et al. (1992) - magnetic distributor plate (MDP)

h) Saddles coils for transverse field generation (Penchev et al., l99l; Ivanova et

al., 1996; Hristov and Hadzisavvas, 1997; Hristov, 2005a'b)

i) Iron-yoke based electromagnet with circular poles.. Al-Qodah (all the studies

ofthis author)
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Table 2
ious studio fe mental G-L-S s used in various tes.

Reference Type G-L-S system

Penchev et  a l .  (  l99 l ) BC-co-current Air + water + iron coated by

active carbon

Chen & Leu (1998a) BC-co-current Air + water + nickel particles

Hristov &
Hadzisavvas (1997)

BC-co-current Air + water + ammonia catalyst

Hu & Wu (1987) BC-co-current Air + water + Polyacrylamide

eel beads doped by magnetite

Kwauk et al. ( l992) BC-co-current Air + water + Ca-alginate beads

doned bv magnetite

Thompson &Worden
( l  ee7)

BC-co-current Air + water + Ca-alginate beads

doped by magnetite

Lu et  a l . Slurrv-co-current Air + water + iron powder

Sajc et  a l .  (1994,

r995 ,1996)
BC-co-current Air + water + Ca-alginate beads

doped by magnetite

Pesic (1997) BC-co-current Air + water + Ca-alginate beads

doped by magnetite

Chen & Leu (1998a,

b ,2001 ,2002 )

BC-co-current Air + water + nickel particles

Ivanova et  a l .  (1996) BC Liquid batch
-gas in Situ

Air + water/glucose +

coated by active carbon

immobilized cells

iron

and

Mu & Min .  (1996,

te97)

BC Slurry, Co-current Air + water + iron powder

Sonol ikar  et  a l .  (1999) BC Slurrv. Co-current A.ir + water+ magnetite

Sonolikar & Raja Rao

( l  ee6)
BC Slurry, Liquid-batchAir + water+ magnetite

Hr is tov (1998a) Airlift -external loop Air + water + metallurgical

dross

Al-Qodah & Al-

Hassan (2000)

Airl ift -external loop Air + water + iron coated by

active carbon

Al-Qodah (2000a, b) Airl i ft -external looP Air + water + iron coated by

active carbon

Hr is tov (2005a,  b) Airl i ft -external loop l- water + metallurgicalAir
dross
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Weng et al. (1990,

ree2)
BC Slurry with MDP Air + water + Ca-alginate beads

dooed bv masnetite

Gui & Zhang (2006) Counter-current
Trickle bed

Ai r+water+ i ron

Li et al. (2007) Counter-current
Trickle bed

Air + sodium sulphite aqueous
s o l u t i o n + C M C + S R N A - 4
Nickel allov catalvst

Jordan Hristov Reviews in Chemical Engineering

2.4. Operating modes

The classification scheme drawn at the beginning undoubtedly defines the

operating modes either with respect to magnetization or the gas-liquid fluid

flow organization. Expanded bed regimes (E mode in accordance with the

classification of Fan) are the most attractive ones for magnetic field

applications since basically in such beds there are enough magnetic bodies

(particles) capable of interacting magnetically and affecting the surrounding

gas-liquid flow (mainly the bubbles). Both co-current and counter-current

flow modes are of interest as basic routes to perform gas-liquid contacts in

mass transfer units. The transport regime (T mode - Fan, 1999) is performed

by magnetically controlled airlifts with capability to control remotely not

only the phase holdups in the risers but the liquid circulation velocity as well.

For the sake of clarity of analyses carried out in the present review two

additional terms Gas-^Scan and, Liquid-Scan modes are introduced. They

address better explanations of experimental conditions and methods of

collecting experimental data. For instance, bubble columns with

magnetization FIRST or LAST modes operate mainly with Gcs-Scan mode

with bed pre-conditioning through liquid flow variations since the gas-liquid

mass transfer is the principle process performed in these units. ln contrast, in

bubble columns for bio-processes the Liquid-Scon mode is almost a standard

approach to get data and establish suitable flow regimes since the most

important process is the liquid-solids mass transfer. Additionally, airlifts of

any kind work principally with the Gas-scan mode only due to inherent

liquid flow dependences on gas flow in the riser. We hope these initial

thoughts and definitions will help further analyses and enable a more

organized presentation of the contemporary G-L-S magnetically assisted

fluidization research.
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2.5. Measuring techniques anil'methoils-: abrief review

Measurements help us to get data and interpret physical process of

interest. With respect to G-L-S systems, in bubble columns and airlifts

predominantly subjected to external magnetic fields, we need information

about either the overall gas holdups or their local distributions (axial and

radial). To some extent, considering mainly the mass transfer column

performance, the interface surface area has to be measured since this

parameter directly contributes to the volumetric mass transfer coefficient.

The interface contact area is discussed in this article in cases with deficiency

of data relevant to gas hold-up. In general, all measurements and techniques

briefly reviewed here refer to hydrodynamic parameters of G-L-S flows but

they form the background of mass transfer operations performed in those

systems. For seek of simplicity of the discussion some techniques used will

be briefly reviewed in view of measurements of basic process parameters.

2.5.1. Overall phase holdups.
Pressure gradient method. The pressure drop is strongly related to the

individual phase holdup. In fluidized beds with low solids entrainment rates

the average solids holdup can be expressed in terms of total mass of solids

(Wr\, solids density (Ps ), column cross-section area (A,) and effective

bed height ( ft, ), namely (Fan, 1989)

F .  = l - F  -  W s
" P".4rh

where F is the overall bed porosity.

A necessary condition of the phase volume

phase holdup is

t6  *€y  +aS.  = l

fraction, or the individual

where e6 and e, aie the gas and liquid holdups respectively.

On steady-state conditions with low or moderate liquid and gas flows, the

total vertical (static) pressure gradient is

( l )

(2)

392

-# = (e,p, + e1p1 + eo pc) g (3a)



Jordon Hristw Raiews in Chemical Engineering

with neglected wall friction and gas and liquid flow acceteration terms.

Since the contribution of the gas phase is generally negligible with respect

to the other terms, Eq. (3a) can be simplified to

(3b)

Equation (3b) permits individual phase holdups to be evaluated. The

solids holdup 65 can be easily obtained from Eq. (l) with measured effective

bed height h6. The liquid holdup s; can be calculated from the total
pressure drop gradient equation (3b). The overall gas holdup is calculated by

difference based on Eq. (2). An advantage of the pressure gradient method is

thatthe bed height can be determined fromthe intersection of the profiles of

the bulk fluidized bed (G-L-S section) and the free board (G-L section above

the bed) regions.

In magnetically assisted G-L-S beds the pressure gradient technique is

adequately applicable to the free board regimes with Magnetization FIRST

mode (Hristov and Hadzisawas, 1997) and the entire bed with magnetization

LAST mode (Hu and Wu, 1987; Penchev et al., l99l; Kwauk etal.,1992;'

Pesic, 1997; Weng et al., 1992). Recall, the magnetic field with

magnetization FIRST mode creates a fixed bed that does not hold Eq. (3a), so

correct application of the pressure gradient methods is possible with

Magnetization LAST mode since the particles are suspended and Eq. (3a) is

obeyed. The intersection of the profiles of the bulk fluidized (or stabilized)

bed and the free board section was successfully applied by Hristov and
Hadzisawas (1997) with Magnetization FIRST mode and Al-Qodah and Al-

Hassan (2000) for detection ofthe bed height.

Quick Valve technique is a technique allowing the overall phase holdups

to be measured in a test section by simultaneously closing valves at the inlet

and outlet of the fluidized bed (Fan, 1989). In the context of magnetically

assisted beds this technique is most adequate to Magnetization LAST mode
where all the phases are in motion. That is, the flow shutting off does not
destroy any structure unlike the Magnetization FIRST mode where closing of
gas or liquid flow might destroy the stabilized bed height if the system is not
completely fluidized. In this context, Sajc et al., 1995, 1996; Al-Qodah and
Al-Hassan, 2000; Sonolikar et al., 1999; Chen and Leu, l998a,b and 2002;
Thompson and Worden, 1997) successfully used the method and the results
are commented further in the text.

-# = (rrp,  + €LpL) s
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Electricsl resistivity method is applicable mainly to the local liquid

holdup (see below) measurements requiring a quantitative description of the

effective electric conductivity of the mixture and the volume fraction of both

the continuous and dispersed phase. In magnetically assisted G-L-S fluidized

beds this method is applied mainly to liquid and solids local holdup and to

some extent to bubble size measurements.

*leight method based on Eq.(1) was applied to evaluate the solids phase

holdup by Penchev et al., l99l; Al-Qodah and Al-Hassan (2000) and Pesic

(1997) with Magnetization LAST mode; in homogenous fields the bed

weight is not affected by magnetic body forces.

2.5.2. Local phase holdups

Two basic methods are used for evaluation of local holdups of the liquid

and solid phase independently: l) Measurement of the electric impedance of

conductivity double probe as it was performed by Hu and Wu (1987), Al-

Qodah and Al Hassan (2000), Sonolikar et al.(1999), and Weng et al. (1992)

for local gas-holdup measurements. 2) Optical fiber probe that unlike the

electro conductivity method is not restricted to use with conductive liquids

only. This technique was successfully used for local solids holdup in two

studies: Hu and Wu (1987) and V/eng et al. (1992).

Optical fiber probe method was successfully employed for local gas

holdup data measured by two studies: Chen and Leu (2002), Thompson and

Worden (1997). Besides, these reports provide adequate theoretical

backgrounds and technical descriptions of the devices used in the

experiments.

2.5.3. Bubble size and rise vetocity

Electric conductivity method with two electrodes located at the column

axis is commonly employed to measure the bubble size (vertical chord

length) and bubble velocity. The method was successfully applied by Sajc et

al. (1995, 1996) and Pesic (1997). Optical method based on bubble projection

area by light beam and photocell matrix was developed by Kwauk (1992).

All the results are collected and reviewed in 3.3 Bubbles in Magnetically

Assisted Bubble Columns

2.5.4. Ftow regimes

Three flow regimes based on the bubble flow behaviour in three-phase
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fluidized beds can be identified (Fan, 1989): the coalesced bubble, dispersed

bubble, and the slugging regime.In the coalesced bubble regime, the bubbles

tend to coalesce and both the bubble size and velocity become large.

Coalesced bubbles rise near the column center with high velocity and stir the

bed violently. This regime is typical of low liquid and high gas velocity. In

the dispersed bubble regime there is no bubble coalescence, the bubbles are

small and uniform in size. It is typical of high liquid flow velocities and low

and intermediate gas velocities. According to Fan (1989) in small columns

(<l5cm ) the gas bubbles can easily grow in size at high gas velocities and

create slugs approaching the column diameter. The flow maps are usually

plots U; =f(Uc). Particle properties also affect the dominating flow

regime at given liquid and gas velocities. With low particle terminal

velocities the increase in particle size adds to the transition velocity (Fan,

1989). To this end, remember that the magnetic flocculation enlarges the

fluidized solids. At high pressure or with surfactants the bubbles can be very

small (< lmm) yielding a dispersed flow regime. In this context, effects of

particles greater than the bubble diameter become unimportant.

These classical comments have to be taken into account when reading

articles on magnetically assisted G-L-S fluidized beds. The reader has to be

imaginative to relate the bed descriptions to that of the non-magnetic three-

phase fluidization. Since the field affects the solids phase behaviour creating

large aggregates from small particles we should bear in mind the classical

(non-magnetic) information concerning the solids size effect on bubble

diameter and flow regimes. Nowadays the only work reporting flow maps

and interpreting the regimes in the classical manner commented above is that

of Chen and Leu (2002). All other studies on magnetically assisted G-L-S

beds provide information about the solids behaviour rather than the gas-liquid

flow regimes that hinders comparative analyses. To some extent, the present

review does tentative links between both descriptions (see Magnetization

LAST with Bubble Columns) but this calls for further systematic studies.

These briefs provide only the background required to understand the

results commented further in the text and give some initial remarks on the

adequacy of measuring techniques and methods employed' Additional

comments are available in the corresponding sections of this review but

readers interested in deep analyses and further implementation of presented

(or novel) measuring techniques have to browse thoroughly books and

journal articles.
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1 3.BUBBLECOLUMNS

3.1. Magnetization FIRST Mode

3.1.1. Foreword concerning the G-LJlow modes
Magnetization FIRST, as it was many times commented in the reviews,

assumes fluid flow through an initially fixed (settled) and magnetized particle

bed; i.e. the field is turned on before the fluidization. An attractive feature of
two-phase systems (G-S and L-S) is the magnetically stabilized bed regime
(MSB) with fixed structure (at constant fluid flow rate) and fluid-driven
deformation (Partl, Part 5). With G-L-S magnetically assisted fluidization

co-current two-phase flow passes upward through a particle bed that offers

different expansion behaviours and regimes. In this context, with a column
with co-cunent upward G-L flow, both the gas and the liquid flow are

independent that in classical bubble columns creates different flow regimes.

Commonly in laboratory experiments, that do not differ too much from their

industrial counterparts the gas flow is the main operating stream yielding a

variety of gas-liquid flow regimes (Fan, 1989): dispersed bubble, coalesced

bubble, churn-flow, slugflow, etc. A particle bed might be fluidized either by

liquid at fixed gas flow or by gas at fixed liquid velocity; the corresponding

terms are (as it was mentioned at the beginning) Liquid-Scaz mode and Gas-

^Scaz mode respectively (coined by Hristov and Hadzisawas, 1997). These

terms allow easy to discriminate operating modes and resulting flow regimes

either with Magnetization FIRST or Magnetization LAST modes. Hence,

with these terms and the unified approach in hand we may begin with the

oldest mode in MFAF, now under new and more complex circumstances that

those at the beginning ofthis fluidization technique (see Part I and Part 5).

Figure 5 shows schematically experimental set-up used with Magnetization

FIRST mode. Additionally Table 3 summarizes data pertinent to studies of

bubble columns performed with Magnetization FIRST mode

3.1.2. Phase Diagrams, Pressure drop and bed expansion
The regime map designed with the classical approach (Partl and Part 5)

means U - 11 diagram, that with G-L-S magnetic beds has two versions,

namely: U t = f (H)luo=**,. (Liquid-Scm) and uc = f (n)lul=const

(Qas-Scan). The only available in literature phase diagrams of magnetically

assisted beds (Fig. 6a, b) are developed with both Gas-Scan and Liquid-Scan
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Water out

A)

Water 1n

Fig. 5 Experimental set-up used with Magnetization FIRST mode

a) Hu and Wu (1987,  1988)

b) Penchev et al. (1991); Hristov and Hadzisavvas (1997)

c) Sajc et al.(1995, 1996)

d) Thompson and Worden (1991, 1997)

e) Sonolikar et al. (1999)

and fields with different orientations. Sajc et al. (1995, 1996) employing

Liquid-Scan approach defines three principle regimes of an axial field

assisted bed; i.e. packed bed, Magnetically Stabilized Fluidized Bed (MSFB)

and partially stabilized bed (PS MFSB). The MSFB regime isthe stabilized

regime with fixed structure while P^S MSFB is, in fact, already fluidized bed

with chains and small (negligible) bubbles. Similarly, but with transverse

fields and Gas-Scan method, and employing the terminology of Kwauk et al'

(1992), Hristov and Hadzisavvas (1987) termed the regimes MSB and ,S-

regime (Smooth Jluidization) respectively. With increase in gas velocity, the

S-regime passes into T-regime (Turbulent fluidization) with large bubbles

affecting the particle chains that are actually random motion and chain

regime respectively. For clarity of explanation, hereafter we will use Random

motion (particulate fluidization) regime, Chain regime, Stabilized (MSB)

regime andJixed bed as terms.
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Fig. 6 Phase diagrams with Magnetization FIRST mode

a) Axial field assisted bed. Liquid -Scan mode. After Sajc et al.
(lee6).

b) Axial field assisted bed. Liqaid -Scaz mode. Thompson and

Worden.  (1991) .

Note: I Gauss is a field induction corresponding to field intensity of
aboutlOe x79.56Alm in air (this is taken in into account in the

calculations performed in the present work).

c) Transverse Field assisted bed. Liquid-Scon mode. After Penchev et
a l .  (1991)

d) Transverse Field assisted bed. Gas-^Scan mode. After Hristov and
Hadzisavvas (1997).

Detailed information about the experimental conditions is available in

Table 3.
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The phase diagrams in Fig.6 clearly reveal that by varying either the gas
flow (Gas-Scan - Fig. 6d/ or the liquid velocity (Liquid-Scan - Fig. 6a,b/ the
critical points such as minimum stabilization utd minimum fluidization
depend on the bedpre-fluidization history. The latter simply implies that the
bed could pass from initial into stabilized 6ed (MSB) either by gas or liquid
flow that does not fluidize the bed but creates the pre-fluidbation conditions.
In the experiments of Sajc et al. (1996) the preliminary transition from a
fixed bed into MSB state is caused by the gas flow, while the true fluidization
is performed by the liquid. These transitions are clearly seen as almost
parallel lines (see Fig. 6a, b) depending on the flow creating the bed pre-
fluidization conditioning, i.e. the gas flow. Bear in mind, these experiments
(Sajc, 1995, 1996, Pesic, 1997, Thompson and Worden, l99l) were oriented
to biotechnological applications where the liquid is the principle flow, while
the gas supplies only oxygen and stirs the suspension by bubbling. Ifthe gas
velocity with Liquid-Scan mode is not enough to shift the bed from/rxed into
stabilized one, tle demarcation zone is represented by a single line (Fig. 6c)
as in the experiments of Penchev et al. (1991).

In contrast, the Gas-Scan as the common operating mode in bubble
columns (Fan, 1989; Krishna et al. 1999) was employed in the experiments of
Hristov and Hadzisawas (1997), Sonolikar et al. (1999) and AlQodah
(2000). Figure 6d reveals how the pre-conditioning shifts the demarcation
lines between the regimes. Owing to the transfer field orientation (Hristov
and Hadzisawas, 1997) these lines are not parallel as those of axially assisted
beds, but the gross physical behaviour is almost the same.

Transition in bed behaviour with increase in the principle fluidizing flow
(Gas-Scan or Liquid-Sccz mode) is accompanied by loss of pressure and bed
expansion that are intenelated. With Liquid-Sean mode and axial fields the
pressure drop curves (Fig.7a, b) look like those of two-phase (G-S or L-S)
beds (Part I and Part 5). However, at fixed fteld intensity increase in gas
velocity (pre-conditioning) reduces the pressure drop (Fig.7b) and yields
deeper beds (Fig.8a). This is an expected result since bed expansion and
changes ofits internal shucture depend on the total energy dissipated by the
flow. Similarly, increase in interparticle forces as a result of increased field
intensity, augments the pressure losses (see Fig.Za) and keeps the beds

I rhorter (Fig.8b).
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t
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Fig. 7: Pressure drop across G-L-S magnetically assisted beds.

Magnetization FIRST.

a) Pressure drop with Liquid'Scan mode at fixed field intensity

and Uu =var.. After Sajc et al ' (1991) and Pesic (1997).

b) Pressure drop with Liquid-Scan mode at different field

intensities and Uu =const.. After Sajc et al ' (1991) and Pesic

( r ee7).

These bed expansion experiments, performed mainly in axial fields (Sajc

et al.. 1995, 1996; Pesic, 1997) and giving information about the regime

influence on bed height are missing that hinders further analysis. ln a graph

of Hristov and Hadzisavvas (1997) obtained in a transverse field the required

information is presented by dotted demarcation lines (see Fig.8c) denoting

rapid bed expansion in MSB pre-conditioned either by liquid or gas. In

fluidized states beyond the minimum fluidization points the bed depths

approach plateaus. Bed height data are the primary source to calculate the

overall bed porosity and phase holdup commented next and can be obtained

either visually or by specific points of pressure profi les (Fig. 8d).

3.1.3. Bed porosity und Phase holdups

The porosity of expanding MSB provides information about the free

volume available for the gas-liquid flow through it (see Fig. 9 and Fig. l0).

In this context, the plots in Fig. 9 reveal that increase in field intensity reduce

the slopes of the porosity profiles no matter what fluid-driven deformation

(Gas-Scan or Liquid-Scan mode) creates the MSB regime. This is a general
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tendency, already commented in case of liquid fluidized beds (Part 5), that
allows to apply more uniform approach to data treatment as it is
demonstrated further in this review. To this end, Pesic (1997) tried to apply
the Richardson-Zaki scaling equation (RZE) to 

" 
= f (U,.\1,,

\ '  '  tuG=COnSt.

(Liquid-Scan mode) but the result was disappointing. The problem arising

from these circumstances directly addresses scaling principles and velocity

scales in RZE that are by far different from those in two-phase beds (gas or

liquid fluidized). These briefs draw new ideas and need deeper analysis that

is beyond the scope ofthe present section.
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a) Bed height with Liquid-Scan mode at fixed field intensity and

UG =uor. U. After Sajc et al. (1991).

b) Bed height with Liquid-Scun mode at different field intensities and

Uc = const.. After Sajc et al. (1991).

c) Bed height with Gas-Scan mode and Ur=var. From Hristov and

Hadzisavvas (1997).

d) Bed height detection with Gos-Scan mode and Ut=var. via

pressure drop profiles along the column. From Hristov and

Hadzisavvas (1997).
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b) Gas holdup of the trvo-phase (G-L) section above the

magnetically stabilized top surface. From Hristov and
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3.1.1. Minimum Fluidization
The minimum fluidization point is G-L-S beds is always considered with

respect to the gas velocity effect on the minimum liquid fluidization velocity

(Fan, 1989). This impties that this approach assumes the Liquid'Scaz mode

in accordance with the present terminology and the common plots of

descending Uu^f =.f (Uc) curves (see Fig. lla). With magnetically

assisted G-L-S beds the question is: how the field intensity affects the
(JL-^f = f (Uo)curves? The only published curves are shown in Fig.llb,c

both of them obtained in transverse fields (Penchev et al., l99l; Hristov and

Hadzisawas, 1997) but with different flow modes. Generally, increase in

field intensity shifts up the minimum liquid fluidization velocity (Fig.llb)

albeit the gas velocity might increase; that is the main effect of augmented

interparticle forces. The second chart (Fig.llc) explains just the opposite

Gas-Scan mode with pre-fluidization condilioning. The bottom half of the

chart is the bed phase diagram in case of L-S fluidization only thus

explaining the upper Uo-,t = f (Ut)plots bV simple elucidation of the bed

pre-fluidizat ion history.
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a) Minimum liquid fluidization velocity (Liquid-Scan) as a

function of the gas superficial velocity at various field

intensities. Transverse field. From Penchev et al. (1991 ).
b) Minimum liquid fluidization velocity (Gas-Scan) as function

of the gas superficial velocity at various field intensities.

Transverse field From Hristov and Hadzisavvas. (1997). The

bottom half of the figure is the L-S phase diagram elucidating

the bed pre-fluidizatior history

c) Minimum liquid fluidization velocity (Liquid-Scan) as a

function of the gas superficial velocity at various field

intensities. Reconstructed data of Sajc et al. (1995,1995)

through digitalization of the phase diagram in Fig. 6a
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d) Minimum liquid fluidization velocity (Liquid-Scan) as a

function of the gas superficial velocity at various field

intensities. Reconstructed data of Thompson and Worden
(1991) through digitalization of the phase diagram in Fig.6b

. and Figs. 4a,b, c in the original work.

The minimum fluidization point can be reached in two ways: l) Low

liquid vefocity U <U t (n = O;lJ6 = 0) that is not enough to deform the bed

and to create MSB. The bed is deformed by the gas flow only and it

consequently passes from a fixed bed into MSB that finally reaches its

breakdown at U6-^1. The plots in Fig. I lb reveal that the IJc-^f = f (U r)
curves are steeper if the bed is not preliminarily in MSB created by the liquid

flow. 2) High liquid velocity (U t > U r-^f o ) enough to shift the bed from

fixed into MSB regime yields smooth variations in U6-^7 with further

increase in U1 since the principle work towards the fluidization is already

done by the liquid flow. Hristov and Hadzisavvas (1997) approximated the

Uo-r, = f (U r) ptott with Gas-,Scan mode as

uo-r t  l ,  ^  (  "  \  .^ . . . . . l
; --  = expt(-r.14t0.32)l  -= l+0.0alH I t+l
uc-mIo L \u L-nfo ) J

where the field intensity His in (U t m) and with accuracy of 9.8%o.

This relationship approximates the plots obtained in zero fields too. It is

by far from generalization but this has been the only correlation published so

far. The contribution of the magnetic term to the exponent of (4) is based on

the fact that the plots U6-^1 = f (Ur) at different field intensities are

almost parallel and move up with increase in H. The advantage of (4) is its

dimensionless form (the magnetic term is not dimensionless-see comments

below) allowing the velocity scales U6-^ys and U7-.16 to be determined

separately by two-phase fluidization experiments or relevant equations. The

latter implies that bearing in mind the general forms of IJc-^I = f (U1) at

H = 0 and Uc_^f = f (H) at U1 - 0 commonly expressed as

IJG-,, ( ur-^, ) . [Jc-.r (, ur-^r\
=  €XD i  - 4 r

uc-^Io ' 
t " Ut-,Io )n=o ua-^fo '\ " ur-.to )ur=o

(5a,b)
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with intercepts I at I/ = 0 and U t =0 since the minimum fluidization point

is unaffected by these controlling parameters. Hence, combining (5a,b) we

read

*a- = exp( - a L **-\"*, (t, a) = 
"*r( 

- o, + 
*- . b r')

uo-^ fo  
' [  "UL-^ Io )  '  

\  uL-^ fo  )
(6a,b)

that is in fact, the approximation (4).

In order to give more data to the readers the plots ofPenchev et al. (1991)

shown in Fig.lla were approximated in the present work in a similar way

that vielded for

Ut-^f
;;- = exP
U rnfo

U r-^f
;--=exPu L-nf0

with field intensity I/ in [kA/m] accuracy of about 60Z .'

Similarly, the phase diagram of Sajc et al' (1995, 1996) was hansformed

into U y^7 = f (Uc)ln = const. plots in Fig.l lc' A digitalizationby Scan It

(freeware) and non-linear data regression processing (Origin,6.0) yielded a

correlation, namely (Liquid-Scan Mode)

- "' m. 
u" r)= *o 

[-0., 
o u m. 

o rrn rn),o,

-'o l:-* *aoal=.*o[-0.r, oy:-* +o.ozoral
"uc - . f o '  )  \  uc - ^ fo  , , r ,

with field intensiry F/ in [kA/m] and with accirracy of 7 %o. The value of

IJc-^fo was calculated by equation (21)-p. 69 of Kunii and Levenspiel

(1989) employing basic particle data provided in the original works of Sajc

et al. (1995, 1996) since such particle characteristics are completely missing

in the texts. In this context, the data of Thompson and worden (1991) do not

allow such regression analyis due to insufficient number of points (see Fig.

l  ld).
The expressions (6a) and (7a) contain dimensional terms representing the

field intensity contribution. It is hard to express the field intensity effect in a

dimensionless form, i.e. H/Ms, that makes the pre-factors 6s dimensionless
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too, sirice commonly with composite materials like those used in the refened
experiments data about the magnetic properties of particle materials
(especially Ms) are completely missing. These are straightforward attempts
to correlate experimental data without any implementation of physical
meaning and model assumptions. Nevertheless they give the general trends
and the main contribution of the field applied.

3.2. Magnetization LAST Mode

Magnetization LAST mode applied to developed G-L-S fluidized system
has the only task to control the gas bubble behaviour through remote action
on magnetizable solids. This results in particle flocculation into chains,
intensive bubble break-up and control of both the gas holdup and interfacial
area. In view of the fact that the system is controlled by three macroscopic
variables, i.e. Gas velocity, Liquid velocity and Field intensity we have a
variety of cases that have to be investigated. Commonly, the Gcs-^lcan mode
is used since is it well known from the non-magnetic bubble columns (Fan,

1989) that the gas velocity controls the gas holdup. The latter could be
controfled by liquid velocity (Liquid-Scon) and surface tension to some
extent. These comments will be illustrated by results reviewed and analyzed
below. Table 4 summarizes information about experiments performed so far
with Magnetization FIRST mode. To this end, mainly axial fields are used
and transverse counterpart to some extent. This characteristic feature imposed
by prefened magnetic system design and^ process conditions will be
commented in the course of the analysis of experimental results.

3.2.1. Phase dlogrant and Bed collopsc cunes
Phase diagrams are basic graphical presentations of the complex

phenomena occurring in magnetically assisted bubble column. The first work
published by Hu and Wu (1987, 1988), performed in an axial field, reports
three principle states: particulate chains and condensed but without a flow
map. Phase diagrams corresponding to these definitions were published later,
in a transverse field (Fig.l2a) by Penchev et al., (1991). Further, Thompson
and Worden (1997) and Chen and Leu (2001) published extensive studies on
common problems but with two distinct phase diagrams commented next.

Thompson and Worden (1997) reported diagrams (Fig.l2b, c) with field
intensity as an independent variable and liquid velocity as a parameter. In the
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context of magnetic phase behaviour six flow regimes were reported (see

Inset in Fig. 12) that match in general the three principal states mentioned

above. In contrast, Chen and Leu (2001, 2002) drew a map in a classical

manner (Fan, 1989), i.e. U7-U6 diagrams but with field intensity as a

controlling parameter affecting the regime shift. These maps refer to the gas

phase regimes rather than the solids behaviour albeit they are interrelated. For

people experienced in magnetic fluidization the map of Penchev et al. (1991)

and those of Thompson and Worden (1997) are familiar but to those skilled

in classical bubble column hydrodynamics the charts of Chen and Leu (2001,

2002) give more valuable information.

With these maps in hand we may analyze the gross bed performance and

attempt the gas and the solids behaviours to be interrelated. The maps of

Chen and Leu (2001, 2002) reveal that at low gas flow and moderate liquid

velocities, when dispersed bubbling exists, increase in field intensity does not

change the bubble flow behaviour but the lower boundary defined by the

liquid could be decreased. Similarly, the boundary between dispersed and

coalesced regime goes down to lower liquid velocities with increase in field

intensity, while at the same time the upper gas flow boundary shifts to higher

velocities. These boundaries depend simultaneously on solids size and field

intensity (Fig.l3a, b, c, d) that implies increase in aggregate size, intensive

bubble break-up and suppressed coalescence as the field strength increases.

In this context, the boundary between the dispersed bubble and coalesced

bubble regimes was related by Chen and Leu (2002) to a critical field

intensity F1" depending on the particle size (see Fig.l4), namely

H" =t93dio'487 . (9)

This is an empirical dimensional equation which is by far from

generalizations, but it teaches that decrease in particle diameter needs higher

fields to create enough strong aggregates and vice versa. The fact is nice, but

needs further investigations with deep physics and more data allowing

reliable dimensionless correlations.

In general, the map of Chen and Leu (2001) refer to increase in bubble

break-up due to increase in aggregate size, i.e. due to increase in field

intensity. This, in fact, shifts the boundary of the undesirable slug flow

regime toward higher gas velocities (with about 200 %) by increasing the

field intensity up to 23 kA I m . These are expected results if the physics of

the interaction between phases in the bed is known since these maps are only

4l l
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macroscopic descriptions of microscopic phenomena taking place in the G-L-

S system.
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Fig. f3. Phase diagrams with Magnetization LAST modes addressing gas-

liquid flow modes. After Chen and Leu (2001,2003).

There is no direct link between the phase diagrams of Chen and Leu

(2001,2002) and those of Thompson and Worden (1997) since they describe

gross behaviours of different phases. However, considering the above

comments we might suggest that random (particulate) and chain regimes

match dispersed and coalesced bubble ones. Increase in field intensity

augments the aggregates and suppresses the slug formation that is choin-

channel and destabilized regimes correspond to the new zone between the old

and new margins of the slug flow moving to right in the map of Chen and

Leu (2001). These are only suggestions resulting from comparison of

published results but direct physical observations from this standpoint are not

reported yet, so the problem remains open and calls for future detailed

studies.

Slug llow
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Fig. 14. Particle diameter effect on the crit ical f ield intensity corresponding
to the boundary between the dispersed bubble and coalesced
bubble regimes. After Chen and Leu (2002).

Bed collapse curves typical ofG-S and L-S beds (see Part I and part 5)
are practically not published yet in accessible l iterature. This seems strange,
but the published works deal mainly with gas holdup, interfacial area and
mass transfer and do not care about the hydrodynamic backgrounds of
processes performed. We have already commented such approaches in the

, previous review (Part 5) that generally hinders data analysis. Fortunately, a
thorough search of articles on MFAF yielded a bed collapse plot reported by
Pesic (1997) -  see Fig. l2d.  Nowadays these are unique graphical  resul ts  on
G-L-S bed collapse with magnetization FIRST and Liquid-Scan mode. Pesic
(1997) approximated the bed profi les similarly to the S-shaped curves of
Kwauk et al. (1992) (see also Part 5) as a dimensionless voidage number
(DVN) defined as
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( l 0a )

where .F/o is a characteristic field intensity (see.Part 5 for details).

The form of DVN developed by Pesic (1997) is

H H

€ "  - e - r  ,  . s
DVN =-;-:#=expl-aH)"

,u _"Ir 
exp(-aH)' (lob)

The voidage ef, inthe definition of DMrl corresponds to bed voidage at

minimum fluidization condition and a given field intensity, a0 is the voidage

of the non-magnetized three-phase bed, while e fl is the actual bed voidage.

The validity of this approximation is illustrated in Fig.l2c. Pesic (1997)

reports slight increase in the pre-factor a with decrease in the superficial gas

velociry. To this end, missing of experimental data hinders further analyses

and calls for studies in this direction. 
.

3.2.2. Phase holdups - Overall Gas ond Liquid holdaps

Hu and Wu (1987, 1988) employed the simplest pressure drop method to

estimate the overall gas holdup (see Fig. l5a) and modelled empirical

relationship by the equation

sc = o.04uts07 IJ0'0t exp (o.oozot)

with average relative error of 733% .

Similarly, employing the two principle methods, i.e. the valve technique

and the optical probe method, Chen and Leu (2001,2002) show that the

overall gas holdup depends on three principle macroscopic process variables,

namely:
o Gas velocity (with a little effect of the liquid flow) as it shown in

F ig . l 5b , c
o Magnetic field intensity that yields almost linear increase in gas holdup

(Fig. l5b) thus confirming the results of Hu and Wu (1987, 1988). In

coalesced bubble regime the overall gas holdup is relatively independent of

the field intensity since the bubble break-up is not significant.
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Fig. 15: Overall gas holdups in
columns Plot of Hu and
effect of field intensitv.
a) Plot of Hu and Wu (1987) showing almost exponential effect

of field intensity.
b) Data of Chen and Leu (2001).

r Particle size, which as a result of magnetic flocculation affects the
resultant aggregate size and consequently the bubble break-up process see
Figs.l6a,b,c. According to Chen and Leu (2002) the field intensity effect is
more pronounced with smaller particles (approx. l90pm) as compared to
larger solids (930pn ) and those of 3.6mm in diameter employed by Hu

and Wu (1987,  1988).

Thompson and Worden (lgg7)report results that in generat confirm those
of Chen and Leu (2001,2002) but the field intensity effect is not so clear -

see Figs.l7a, b, c, d. In general, the measurements by the optical probe reveal
that higher field intensities provide higher gas holdup but the demonstrated

, effects are weak. The probable reason for that is based on the fact that
Thompson and Worden (1997) use 4mm Ca-alginate beads doped with
magnetite; such beads do not aggregate under stronger fields due to their low
magnetic susceptibility. In this context, the pure iron particles of chen and
Leu (2001, 2002) flocculate easily and the effect of bubble break-up by
aggregates, which macroscopically is performed as magnetic field effect, is
more pronounced. According to Thompson and Worden (1997) the gas
fraction is most sensitive to field intensity at low field intensities where
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chain, chain-channel and destabilized regimes can be created. At the highest
fields, i.e. in the frozen (condensed) bed, the gas fraction is relatively
independent. The effect is obvious, since the gas fraction is affected by the
particle mobility, while at stronger fields the solids form a bed at the
distributor plate playing a role of additional gas sparger. This effect is
commented too in the section devoted to Slurry Bubble Columns operating in
batch mode.
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Fig. 16: Overall gas holdup as a function of fietd intensity and showing the
particle size effect. -After Chen and Leu (2002).

Results and explanations similar to those of Thompson and Worden
(1997) were reported by Sonolikar et al. (1999). According to these authors,
the system is more sensitive to the gas velocity at about I/=l00Oe- see
Figs.l8a, b. No physical explanations exist in the original work, so it might
be suggested that the behaviour is similar to that reported by Thompson and
Worden (1997). Sonolikar et al. (1999) compared the effect of the
magnetization mode on the overall gas holdup trends with increase in field
intensity (see Fig.lSb). The profiles almost match that is a reasonable result
since beyond the minimum fluidization point (magnetization FIRST) and the
minimum field intensity causing chain formation (magnetization LAST) the
bed exhibits basically identically flow regimes. For instance, this analogy and
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similarity was discussed in the case of gas fluidized beds (Part l, Hristov,

l  998b).
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Thompson and Worden (1997) observed bed contraction (collapse) with

increase in field intensity but results either graphical or numerical were not

published. Further, they especially mentioned that their results contradict the

findings of Hu and Wu (1987, 1988) denoting slightly increase in gas holdup

as the field in increased. In this context, the authors reported that little bed

contraction due to addition of gas phase like in non-magnetic beds (Fan,

1989) was observed outside the random regime since as the field intensity

increases the induced magnetic forces (creating aggregates) predominate over

the hydrodynamic (drag) forces dispersing the particles. Thompson and

Worden (1997) suggested that the bed increasingly took on properties

resembling a packed bed, rather than a fluidized bed. Higher fields causing

bed contraction resulted in smaller bubbles with reduced rising velocities that

yielded increased gas fraction. This suggestion is not supported by direct

comparison with solid phase behaviour but provides a reasonable physical

explanation. To this end, more visual observations directly related to the gas

holdup and bed expansion (collapse) have to be performed.

The general trend in the overall gas holdup variations was approximated

as

Chen und Leu (2001)

ec =0.75ut78 exp(s.tzrto-2 n)

based on 45 datapoints and with average relative error of 8.5% .

and

Chen and Leu (2002) see Fig. 19b

Ec = aUbc exp(cH)

with coefficients dependent on the particle size, namely

( l3a)

a = 0.123di0'2r, b =0.226d1'r44, c =l.llxl0-6 H (l3b)

The trends in gas hold-up evolution with increase in field intensity and
gas velocity and those predicted by Eqs. (12, 13) and that of Begovich and

Watson (1978), namely

(14)

(r2)

Fc = (1 .6 I t 0.336) uf 
72!o'o2s) 

d@:6810 
062 l) 

D(-0' 
12510 088)
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are illustrated by Figs.l9a, b,c,d. To this end, Chen and Leu (2002)

mentioned that the correlation of Begovich and Watson (1978) provide

reasonable agreements with their data.
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velocity - After Thompson and Worden (1997).

Concerning the accuracy of the gas holdup measurement techniques,

Thompson and Worden (1997) showed that both methods provide practically

equal results for gas holdups lower than l0olo . Increase in overall gas holdup

yields underestimation of the valve technique with respect to the optical

method- see Fig.20. Chen and Leu (2002) reported an agreement between the

data obtained by the valve method and the optical technique; those from the
valve technique are about 22Yohigher- see Figs. l6a,b,c,
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The overall liquid holdup was measured by Thompson and Worden
(1997) and Chen and Leu (2001) only. In the context ofbed contraction and
fiefd effects on the overall gas holdup in dispersed bubble regime (small

bubbles in accordance with these authors) the field has more pronounced
effect on the liquid holdup that the gas fraction, particularly at highest liquid
velocity - see Figs.2l a,b. These findings slightly contradict those of Chen and
Leu (2002), albeit the trend with increase in.F1 (see Fig. Fig.2lc) but
probably they could be explained by differences in solid phase behaviour as
the field intensity increases. Chen and Leu (2001) correlated 45 data points
and provided the relationship

EL =r.49u2228 e*p(-t.l 'roa n)

Unfortunately, no more published results are available for further
analysis. We may suggest that answers to questions arising so far reviewing
the overall phase holdups will be provided in the next section concerned with
local values ofphase fractions.

( 1 5 )

421



Vol. 23. No. 6,2007

5 5 . 5 6 6 . 5 7 7 . 5 E
Liquid velocity ( cm/s )

H (Gru3r)
: Gas velocity = 0.6 cmls
F -  -

O 76 
-Btgovich&watson

l 1 5 O  
- - - ^ r m

L 225

V 3oo ra

Magnetic Field Assisted Fluidization-
A Unified Approach

H (Gil3t) 
Gas velocity = 2.0 cm/s

- - n  -

I h 

-Bcsovlch&wltron

L zzt
Y 3oo 

-^--Q

^ 0.95

- o.ss
.9 0.75
6 0.65

i o.ss
.g 0.45
J

0.35

A)

-ta -i- 3
At 5 5.5 6 6.5 7 7.5 8
at Liouid velocitv ( cm/s )

C ) 0 5 1 0  1 5 2 0 2 5
' Magnetic Field lntensity ( klJm I

Fig. 21. Overall liquid holdup measured at different field intensiti'., unO gu,

velocities as a function of l iquid velocity.

a,b) Comparison of liquid holdup measured at t different field

intensities as function of the l iquid velocity. After Thompson and

Worden (1987).

c) Liquid holdup as a function of magnetic f ield intensity. After

Chen and Leu (2001).

Note: In the original work the l iquid holdup is denoted as local rather

then overall. Careful reading ofthe text revealed that the data are

relevant to the overall l iquid holdup even more the quick valve

technique was used rather than local probe measurements.

' 
3.2.3. Phuse Holtlups - Locol vslues

Radial and axial phase distributions measured by different techniques

provide substantial information about the field effect on particle behaviour

and consequent bubble break-up. Hu and Wu (1987, 1988) reported almost

parabolic gas holdup radial profi le (measured by micro electro conducting

probes) and non-homogeneous solids distribution across the column cross-

section (measured by optical f iber probes). The plots inFig.22a, b reveal f lat
(more homogenous) radial profi les as the field intensity increases. The
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bubbles pass mainly along the column axis while the solids are groped close

to the wall. The solids phase behaviour is a strong indicator of the radial field

homogeneity. In the experiments of Hu and Wu (1987, 1988) the radial field

inhomogenity is about l0 %. Certainly this causes lateral magnetic forces

increasing the particle concentration near the wall that consequently shifts the

gas flow towards the column axis. lncrease in field intensity augments the

flocculation and causes bed contraction that in fact makes the solids

distribution across the radius more homogeneous and the particles tend to

behave almost as a packed bed or highly concentrated slurry. Recall that

Thompson and Worden (1997) report increase in size of particle formations

(aggregates and clusters of aggregates-see inset in Fig.l2). Such structures

(destabilized, channel and frozen) resemble porous media with G-L flows

through them. To this end, denser particle packing, more homogenous flow

phase distributions across the bed.
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a) Radial gas holdup Profiles.
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According to Hu and Wu (1987, 1988) the unevenness of radial phase

holdup profiles is marked by increase in U6. With zero and weak fields

these distributions were expressed as parabolic equations, namely

L= 2.93 cmrs

-j$f/

UL= 2.93 cmrs
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( l6a)

(l6b)

where

kc =0.012211[32 and k, =0.0542(Jt3s6 (l6c)

A more detailed study on the local gas holdup considering the bubble
flow regimes was performed by Chen and Leu (2002). In general, their
measurements confirm the almost parabolic profiles of Hu and Wu (1987,

1988) but focus on two principle points:
o Particle size effect is performed by higher gas holdups at the column axis

with increase in particle diameter (See Fig.23a,b), inespective of the
regime (dispersed or coalesced)

o Field intensity effect on the radial gas holdup profile depends on the
bubble flow regime. ln coalesced bubble regime and at low field
intensities the profiles become sharper that confirm the observations of

Hu and Wu (1987, 1988) - see Fig.23e,f . In dispersed bubble regime and
at high fields the profiles become smoother. Chen and Leu (2002)

mention that their profiles differ from those of Sonolikar et al. (1999)

showing different trend with increase in field intensity. However, see
further in Slurry Bubble Column section, Sonolikar et al. (1999) work
with fine slurry ( dp =90pm ) at low solids concentration while Chen and

Leu (2002) employ a system of coarse particles. The radial gas holdup
distributions of Chen and Leu (2002) are compared (see Fig.23c, d) to
those from non-magnetic bubble columns (Lee and De Lasa , 1987; Yu
and Kim, 1988.

3.2.1. Closing Comments on BC with Magnetization LAST mode
Results reviewed in this section reveal the field effect on the G-L flow

affected by particle flocculation (mainly through bubble breakup) and the
regime shifts there-of. The work of Chen and Leu (2002) may serve as a
template for further studies on Magnetization LAST modes referring to gas-
liquid flow regimes. Similarly, the results of results of Thompson and
Worden (1997) show the solid phase behaviour in details. There are no direct

tc = 6Go-* (;)"

6s =6so.a( ; ) "
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interrelations published so far, except some suggestions done in this review
that refers to new experimental studies. Besides, the maps of Chen and Leu
(2002) are only graphical illustrations but detailed knowledge of bed
hydrodynamics requires quantitative relationships like those available for
non-magnetic bubble columns (Fan, 1989). To this end, the correlation of the
critical velocities denoting the shifts in the flow regimes is a problem that
should be solved.
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The ability to control the phase holdups remotely is a remarkable one but
more quantitative knowledge based on basic assumptions and models there-
of and experimental data are needed. we suggest the reviews and these
closing briefs could motivate further studies of problems referred to.

3.3. Bubbles in co-current magnetic bubble columns

with strong magnetic fields applied to three-phase fluidized beds of
ferromagnetic particles, almost all solids can be immobirized in a fixed bed
(MSB or a condensed bed (cB)) depending on the magnetization approach
employed. By varying the field intensity the bubbling could be controlled by
magnetic action on the ferromagnetic particles, from free bubbling down to
complete ceasing in MSB or cB. obviously, particle immobilization in fixed
beds splits the column into two parts.' 4 bottom particle bed at the bottom
with G-L flow through it and a G-L bubbling section above the bottom bed
top surface. The latter is a conventional case in G-L-S magnetic beds and will
be commented further with slurry bubble columns operating in batch mode.
However, we are interested now in bubbles of completely developed G-L-S
fluidized beds with magnetically controlled solid phase.

Reports concerning bubble size measurements in magnetically assisted G-
L-S beds are rare in literature. Only two studies have been published so far.
The first (Sajc, 1995, 1996) operates with axial fields created by a solenoid;
both articles report identical results so we refer to them as one study. The
second belongs to Kwauk et al. (1992) and addresses mainly bubble shape,
bubble size and field intensity effect. In contrast to the work of Sajc et al.
(1996, 1996) a transverse magnetic field created by electromagnet (horse-
shoe design) with parallel poles was used. Despite the differences in the
experimental conditions we will try to present shortly the information and to
collate the data in a manner allowing their generalization.

. Bubble size measurements performed by Sajc et al. (1995, 1996) are
based on a system utilizing two conductivity probes located centrally in the
bed at 3 cm distance (details about the experiments are available in Table 5.
The mean bubble chord length was obtained by conductivity profiles using
the method described by Cheremisinoff (1986). With this techniques and
calculations based on the method of Matsuura and Fan (19S4) the results
shown in Fig.24 reveal that in absence of a field the bubble size is practically
independent of gas velocity but decreases with increase in liquid velocity
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(Liquid-Scon mode). Sajc et al. (1986) explain these results with more
uniform liquid velocity profiles due to increase in the liquid flow rate,
decrease in liquid residence time and low extent of coalescence. Further,

bubbles measured in a packed bed ( i .e .  MSB and Ur<0.6cmls-see

Fig.6a) were higher that those in a fluidized bed. With field intensities higher
that H =l4Mln substantial bubble size reduction was detected. In this

context, increase in gas velocity at fixed field intensity and liquid velocity

leads to increase in bubble size. On the other hand. since we have three
macroscopic variables (H,UG,UL), variations (increase) in U1, at f ixed FI

and U6, affect seriously the bubble size. In a fluidized bed with chains

(called by Sajc et al. a "partially stabil ized bed") with Ul>l.2cmls,

Uc =0.50+0.84cmls and H >l4kA/m no bubble s ize reduct ion was

observed. The observation of Sajc et al. (1995, 1996) indicates smaller and

faster bubbles in MSB and partially stabilized (chain) regime than those
observed under equivalent flow conditions: the same UL, Uc, and zero

field intensity. Schematically the qualitative bed behaviour is illustrated by

the inset in Fig. 24. .
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Fig.24: Bubble size as function of gas, liquid velocity, and field intensity.
Adapted from Sajc et al. (1996, 1996).
Inset : Bed behaviour- schematically. After Sajc et al. (1996).
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Nsdla tor

Fig. 25: Sketch of the experiments of Kwauk et al. (1992) on bubble size
confrol in magnetically G-L-S beds.

Kwauk and co-workers (1992) used a 2D column of Wu et al. (1988) -

see details in Table 5 and the sketch in Fig.25. Tap water with different

amounts of surfactants was used to vary the liquid surface tension. Single

bubbles were generated by a 3 mm nozzle closely above the liquid distributor.

Bubbles were detected by a horizontal matrix of 29 photocells deployed

equidistantly at 5 mm. A single movable upper probe was located at 18 mm

above the matrix. The column was illuminated from the opposite side, so
parallel light rays were directed through the bed towards the bubble detector.

The signals from the photocells were processed by a computer.

A series of pictures (Fig.26) shows the field intensity effect on bubble

behaviour. Without a field a large single bubble, about 9 mm in diameter,

rises through the bed. With increase in field intensity within the range

0<80 Oe the large bubbles break up into progressively decreasing in size

smaller bubbles, while at stronger fields (see Fig.26d, e, f) practically there is

no field impact either on the bubble size or the number of fragments. At H >

160 Oe the bed is condensed (i.e. Magnetization LAST mode is used) and the
gas bypasses near the column walls.

Kwauk et al. (1992) developed a theory based on the fact that the

magnetic tension in solid-liquid suspension (through which the gas bubbles

rise) tries to compress the gas void that forces the particles to penetrate the

bubbles and break them. The bubble top surface is subjected to simultaneous

action of magnetic forces, penetrating particles, hydrodynamic forces and

surface tension. The bubble roof was assumed as its weakest point that led to

a formula of a maximum bubble size, namely
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Bubble breek-up with lmr€ao In field Intensity
->-

Fig.26: Bubble behaviour with increasing field intensity. Adapted from

Kwauk et al. (1992). The present author converted the original

picture into (inverted) negative one. The black spots are the

bubbles, while the white area is the bed.

Inset: Mechanism of bubble break up . Also negative picture of

the original one for better i l lustration.
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This equation and the relevant theory are conrmented further in 5.2. The

theory seems general but the experiments performed to validate it utilized

transverse fields only. There is no similar theory or experimental data for G-

L-S beds in axial magnetic f ields. In general, the bubble rise velocity depends

on the l iquid properties and the bubble size controlled by the field intensity

(see Fig.27). With increase in field intensity the bubble rise velocity

diminishes due to a reduction in the bubble diameter.

Kwauk et al. (1992) demonstrated the mechanism of bubble break up by

particles penetrating the bubble roofs (see the inset in Fig. 26) compared to

non-magnetic beds (Henriksen and Ostergaard, 1974). According to Kwauk

et al. (1992) and the photos in Fig.26 the particles break the bubble through
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Fig.27z Simultaneous effect of field intensity and liquid surface tension on

bubble rise velocity. Adapted from Kwauk et al. (1992).

the roof. However, as mentioned by Kwauk et al. (1992'1 in non-magnetic

beds bubble break-up calls for large particles, while in magnetically

controlled fluidization small particles may break the bubbles effectively. The

theory does not take into account the particle aggregation and considers the

solid-liquid suspension as a system of homogenously suspended particles

penetrating the gas bubbles. This is by far away from reality since the

increase of particles in size (magnetic flocculation) makes the suspensions

inhomogeneous rather that similar to ferrofluids like in the Kwauk's theory.

To this end, all results relevant to gas hold-up and interfacial area reveal

strong field effect on bubble break up (increase in interfacial area mainly) in

chain regimes rather than in particulate fluidization. Further, the inset in Fig.

26 reveals large particle formations breaking bubbles in both magnetic and

non-magnetic a bed that confirms the above statement different from the

explanations in the originalwork of Kwauk et al. (1992).

These results are small spots in the literature on magnetically controlled

beds. They are pertinent to the efficiency of all mass transfer devices utilizing

magnetically controlled G-L-S beds. Bubble size and behaviour are to a large

extent important for correct performance of both the gas-liquid and the gas-

solid mass transfer. Further detailed studies performed with more refined
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techniques are needed parallel to macroscopic measurements of gas hold-up
and interfacial area.

4. SLURRY BUBBLE COLUMNS (SBC)

4.1. Introductory thoughts

Slurry bubble reactors (SBR) are widely 0ncountered in chemical
processes characterized by continuous liquid phases with fine solids
(catalysts) through which gas is dispersed and catalyst suspended. The solids
may be also inert and their motion augments the gas-liquid mass transfer rate.
Typical processes are: hydrogenation, oxidation, halogenation and
polymerization reactions as well as biological wastewater treatment and
fermentation.

Magnetic versions of SBCs emerged in the last l0 years (Sonolikar and
Raja Rao, 1996; Mu and Min, 1996,2007; Min et al.,1997; Lu et al., 1999;
Sonolikar et al., 1999; Li et al., 2006; Zong,2007). All these studies are
represented briefly by the data summarized in Table 6. The main idea of
magnetic SBC is to control magnetic solid phase movement by external fields
that directly affect the gas-solid mass transfer. In general, the problem
requiring magnetic field application is due to low solid-liquid slip velocity.
According to Fan (Fan, 1989- pp.25l-253) for SBC operating in both the
expanded bed and the liquid batch regimes typically the particle terminal
velocity Q is less 5 cm/s. With liquid phases close to water (i.e. aqueous
sofutions of various substances) this implies solid fractions less 100 pt.The
solid factions used in the magnetic SBC go with this limit more or less.
Besides, due to the low volumetric fraction of the solids (see Table 6) in SBC
(Fan, 1989) the settled bed formed at the column bottom is negligible. This
immediately defines, as a rational approach, the use of Magnetization LAST
mode. Magnetization FIRST mode is used under some conditions but this is
not the fypical case of magnetic BSCs.

There are serious reasons to operate with Magnetization LAST mode,
among them:
o First, the catalyst acts in the liquid phase that demands high interfacial

area. Bubbles rising through the liquid coalesce that decreases the
interfacial area and the overall mass sansfer coeffrcient. Thus, bubble
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breakers (BB) are needed. Increase in field intensity leads to particle
aggregation and bubble break-up by them, i.e. the aggregation and
bubbling can be controlled remotely that is impossible in non-magnetic
BSC:
Further, the bubble break-up process is accompanied by particle chain
disruption (break-up) and aggregation (flocculation) again. The
continuous aggregate break up (and formation) allows the catalyst surface
contacting the liquid (or gaseous) phase to be renewed thus enhancing the
mass transfer process.
A secondary effect ofparticle aggregation is the increase in particle-fluid
slip velocity that together with the aggregate break-up / formation
process reduces the mass transfer resistance caused by stagnant liquid
layers around single small particles.
Magnetically assisted BSC do all these processes possible and the next
analysis addresses some hydrodynamic issues among them:
Gas-holdup and interfacial area controlled by external magnetic fields,
Pressure drop, phase diagrams, bed expansion, etc.

To this end, a common feature of the fields that assist magnetic BSC is
the co-linearity with the column axis, i.e. axial fields are used only and the
magnetic systems employed are based on long solenoids (Sonolikar and Raja
Rao, 1996) and multi-coil magnetic systems (Mu and Min, 1996, 2007; Min
etal.,1997; Lu et al., 1999;Lietal.,2006;^ong,2007) - see Fig.2g.

4.2. Hydrodynamic issues 
**,

The data summarized in Table 6 reveal that most of the experiments were
perfornled in a co-current mode with energy for fluidization introduced by
the gaseous phase. In the experiments performed in China (Mu and Min,
1996,2007; Min et al., 1997; Lu et al., 1999; Li et a1.,2006; Zong,2007) the
Liquid-Scan mode is used also to establish the optimal operating conditions.
In view of the fact that the work of Sonolikar and Raja Rao (1996) is unique
with liquid batch mode it will be commented separately next.

4.2.1. Magnetic BSC in liquid batch mode
Sonolikar and Raja Rao (1996) address mainly the gas-liquid interfacial

area (IA) so general hydrodynamic information is hard to be removed from
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the text. However, bearing in mind that the interfacial area is strongly related

to gas holdup toand the mean bubble diameter d6-*r(avs means average in

slurry), namely

a = 6  
t G

db-*,

it is possible to get information related to the gas holdup (or the bubble size),

to do data analysis and comments. We have to mention that average gas

holdup was measured by Sonolikar et al. (1999) with coarse particles (357

pm and645 pm in size) that are by far away from the conditions considered
for slurry columns. The classical quick closing valve technique was used.

A)

Fig. 28: Experimental set-ups of slurry bubble columns
a) Sonolikar and Raja Rao (1996)- designed by the present

author due to absence of picture in the original work.

b) Multi-coil systems of Mu and Min (1996,2007), Mu et al.
(1997), Lu at al. (1999); Li et al. (2006)

In accordance with the introductory comments about the field effect on

the interfacial area through particle aggregation and bubble breaking the

(18)
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results shown in Fig.29a reveal strong effect of the field intensity on the
interfacial area (IA). Sonolikar and Raja Rao (1996) comment that the gas
holdup is mainly affected by the gas flow rate (Fig.294 b, c) and no
significant effect ofthe field can be detected. on the other hand. the bubble
break-up by particle chains is the principle mechanism to control the
interfacial area. Increase in solids concentration (Fig.28) augments IA too but
beyond 2%o 1rn magnetized or non-magnetic slurries) the effect is just the
opposite. In this context, increase in particle diameter (Fig.29c, d) yields
reduced interfacial areas.
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Fig. 29 Interfacial area as function of the gas velocity. Liquid batch mode,
Fixed field intensity and Gas-Scan mode. After Sonolikar and Raja
Rao (1996)
a) Interfacial area I vs. U6 at different field intensities and low

solids concentration.
b) Interfacial area a vs. U6 with additional effect of the solids

concentration in two distinct cases: non-magnetic BSC and
agnetized mode corresponding to frozen (condensed) bed

formation- see the explanations in the text.
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. t d ' , . r i c) Interfacial area t vs. U6 with additional effect of the particle

diameter at low solids concentration. Larger particles easy
form aggregates with low mobility so increase in particle

diameter yields low interfacial area. The same effect is shown
in Fig. c

d) Interfacial area I vs. the particle diameter at low solids
concentration with U6 with additional effect of U6 . The plots

demonstrate the same effects as in Fig. A.

All these comments address experiments with fixed field intensities and

variation in the gas velocity (Gas-Scan mode). In contrast, variations in field

intensity at fixed gas velocity (Magn. LAST mode) result in three principle

regimes: random particle motion (particulatefluidization), chain regime and

condensed bed.These terms are well known (Hristov, 1998, Part I and Part

5) and for seek of clarity we will use these terms henceforward. The

fluidization regimes could be established by different combination of the two

macroscopic variables: Field intensity and the gas flow rate; in view of the

fact that the aggregate motion and break-up as well as the bubble size and

behaviour depend on the balance between the field and the hydrodynamic

effects in the slurry.

Actually, Figs.29ab, c,d show interfacial areas as functions of the gas

velocity in two distinct cases: non-magnetic BSC and BC without particles

but with a condensed bed at the supporting plate.This distinction is absent

in the original work of Sonolikar and Raja Rao (1996) but the text clearly

states that at f ield intensity H =462oe(-37000 A/m\all the solids are at

the column bottom as a condensed bed, i.e. practically no particles in the

bubbling liquid exist. Therefore, in absence of a field and low field intensities

as well, the interfacial area is affected by the particles while at

H = 462 Oe (and beyond) they have no effect on the bubble behaviour. The

condensed bed plays a role of additional gas distributor. These regimes yield

two separate groups of data points in the Fig. 29ab, c, d- see the additional

lqbels. In general, condensed beds as distributors yield higher surface areas

than those in non-magnetic slurries.

In the context of the above comments, the formation of condensed beds at

the column bottom does not affect the radial gas holdup profile (see Fig.30a)

but make the axial gas distribution more homogenous (Fig.30b). The local

gas holdup was measured by the resistivity probe techniques of Yashunishi et
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Note: Zero field condition means ordinary particulate fluidization. At
H =462Oe all the particles are ar the bottom (condensed bed) -

see the text.

The field effects illustrated by Fig.3l and the text of Sonolikar and Raja

Rao (1996) identiff the Magnetization LAST (see Part I and Part 5) as a

magnetization method. According to these authors increase in chain size with

increase in field intensity up to 200Oe(= 15000 Alm) decelerates the

solids in the slurry. Field strengths beyond this l imit yield stable chains that

cannot be distorted by the bubbles but the motions of the solids slow down.
At field intensity about 400Oe(=30000A/m) the particles form a

condensed bed. ln general, decrease in gas velocity or increase in solids

concentration, with increase in field intensiry, augments the aggregation

process. The plots in Fig.3 I show these effects but, as a general rule, the

reason for the drop in the interfacial area is the reduced particle mobility. To

this end, larger particles easily form aggregates with low mobility than the

finer ones, so increase in particle diameter yields low interfacial area (see

Fig.29d).
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Fig.3l: Interfacial area as function of the field intensity. After Sonolikar
and Raja Rao (1996) .
a) Effect of gas velocity at low solids concentration and small

particles in size.
b) Effect of gas velocity at high gas velocity but with variations

in the solids concentration. See explanations in the text.
Note: The vertical dotted lines and the labels denoting the regimes were

added by the present author for seek ofclarity ofexplanation.

1. 2. 2. Co-cunent gasJtquld floro
The gas-liquid co-current mode in bed expansion regime is mainly

investigated by the team of SINOPEC (China) in the course of development
of efficient operating conditions for amorphous nickel alloy-based catalyst
SRNA. The studies passed through different steps from small laboratory units
(Mu and Min, 1996) to large-scale industrial applications (2on9,2007). The
steps in the scale-up process will be discussed in the future Part l0 of the
series. Now we address only hydrodynamic problems developed with
laboratory and pilot-scale units.

. An interesting step in all these studies is the employment of a mixture of
SRNA with magnetite or iron powders that are inert with respect to the
process. The use of magnetite (or iron) augments the magnetic properties of
the mixture and enables to keep (hold) the entire solids in the working
volume with minimum losses due to continuous liquid flow through the
column. Besides, the addition of magnetite or iron make the slurry solid
concentration greater than that in liquid batch SBC and the mixtures may
form deep settled beds at the column bottom in absence of fluid flow. The
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latter allows application of either of Magnetization LAST or Magnetization
FIRST modes commented next separately.

1. 2. 3. M ag netizatio n F I RS T- C o-c u r r e nt upfl ote
The hydrodynamic behaviour with Magnetization FIRST mode does not

differ, in general, from that observed with coarse particles in expanded mode
(see Fig.32) either with Liquid-Scan or Gas-Scan approaches. The plots in
Fig.33 show results obtained with Liquid-Scan Mode. It the context of the
previous comments, the increase in iron content decreases the minimum field
intensity required to control the particles in the column (see Fig.33d, i.e. to
"condense" all the solids at the bottom.

" t
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Flg.32: Bed Behaviour with Magnetization FIRST and Liquid scan modes.
After Mu and Min (1996).

The Gas-Scan experiments of Li et al. (2006) provide results similar to
those obtained with coarse particle systems, as it is illustrated by Fig.34a,b,c.
Generally, increase in gas velocity, field intensity (Fig.3a) and tiquid
dynamic viscosity (Figiab) yield increase in the gas holdup and consequent
augmentation of the gas-liquid mass transfer coefficient (Fig.34c,d).

An important detail in this study of Lu et al. (1999) is the effect of the gas
distributor design (see inset in Fig.35). It was reported that fine bubbles
produced by a sintered gas disributor (called "sandy distributor" in the
original work) yield more uniform fluidization than a perforated tube leading
to farge bubbles and slugs. Because Liquid-scan mode was used an effective
bubble breakup by particles was observed at high liquid velocities. To this
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end, at low liquidvelocities, no particles escape from the bed and the bubbler
run away mainly from the bed center (above the bed) and form slugs.
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Fig. 33 Hydrodynamic characteristic of Slurry Bubble Columns with co-
current flow: Magnetization FIRST and Liquid-Scan mode. After
Mu and Min (1996)-

a) , b) Pressure drop curves with liquid-Scan mode at two field
intensities.

. b) Field intensity effect on minimum fluidization velocity
(liquid).

c) Gas velocity effect on the minimum liquid fluidization
velocity.

d) e ) Effect of the iron particles content in the mixture on the
field required to hold the particles in bed.
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velocity.
b) Effect of liquid velocity on average gas holdup.
c) Effect of superficial gas velocity on K1a.

d) Effect of liquid viscosity on K1a.

In processes employing magnetic slurries the bed height, i.e. the depth of
the G-L-S zone is a measurable parameter of the reactor. The observation of
the bed expansion of Lu et al., designed as a phase diagram, is shown in
Fig.35. The relative bed expansion based on 225 data points was correlated
simply by

Ec = 9.46u2'2038 (J0'tr64s exp (-o.ooroooa) (l e)

with field intensity I/ in Oerstedts (Oe)(loex79.9Alm) and missing

information about the regimes spanned, i.e. velocity ranges of both U 1 and
U6. Some experimental data are shown in Fig. 36.
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Inset: Gas distributor designs and schematic picture of gas mobility in
the liquid.

1.2.1. Magnelization LAST : Co-cunent apflow
Mu et al. (1997) and Lu et al. (1999) especially address the bubble behaviour
depending strongly on the field intensity. The picture in Fig. 37 illustrates
observed bubble shapes with increase in field intensity. Non-magnetic (and

low-field intensities) behaviour is similar to that of condensed beds (high-

field intensity) with large bubbles and tendencies to form gas plug flow.
These limiting regimes are characterized by inefficient effects of the solids on
the bubble behaviour. This implies that at low field intensity the particle and
the accidentally formed aggregates are too small to work as bubble beakers.
The rising bubbles coalesce and with increase in gas velocity form large
bubbles and slugs. High fields form condensed beds and bubbles escaping

Psrtlculate
reglme

Ghaln reglme

444



Jordan Hristov Reviews in Chemical Engineering

their surfaces coalesce through the rise across the two-phase (liquid-gas)
sections and form slugs.
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"sandy" gas distributor at fixed gas flow rate (Liquid-Scan
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At moderate field intensities, that actually depends on the magnetic
properties of the solid phase, the magnetic flocculation is strong enough and
the aggregates are efficient tools in the bubble break-up process that
immediately affects the gas holdup and mass transfer efficiency.

This short text collates all the published knowledge about Magnetization
LAST mode and bubble slurry columns with co-cunent G-L flow. We might
believe that further development of processes based on SRNA catalysts might
be published and available for the readers in the future.

Fleld
Intenslty

{oe}
Bubbling

in G-L system

Bubbllng
in magnetically aseisted

G-L€ system

33 .1 (p Partlculate
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Fig. 37: Bed behaviour and bubble released above its surface. After Mu et
at. (1997). .

4.3. Closing comments about magnetically assisted slurry bubble
columns

External magnetic fields are effective toots for remote control of G-L
mass transfer through bubble break-up by flocculated magnetic particles. In
this context, Magnetization LAST is more efficient with low-concentrated (<
l0%) slurries than Magnetization FIRST mode. With addition of inner

,i
:*

'.i

4

=

$446



t

Jordan Hristov Reviews in Chemical Engineering

magnetic material both magnetization modes could be applied successfully
but bearing in mind the basic principle of G-L-S operations the efficient
approach is Magnetization LAST.

The results published so far are scarce and unsystematic. The work done
to collate this section and the analysis performed reveal that:
o No information exists about bubble behavior, local gas holdup, radial and
longitudinal gas holdup profiles, etc.
r Axial magnetic field used with low-concentrated slurries leads to large
waste of magnetic (electric) energy since short coils and solenoid assure
homogenous fields over only 30 % of the column radius (see Part 1). The
work of Zong (2007) provides data revealing that in spite of the increase in
coil size the column diameter is restricted to l/3 of the coil inner diameter
o Magnetically assisted SBCs are attractive devices calling for industrial
applications since many existing (non-assisted by magnetic fields) units
operates with magnetic catalysts such SRNA based on modified Raney-
Nickel fine powders. The magnetic field assistance allows avoiding
dangerous separation operations and contacting with air due to powder
pyrophoric properties and high amount of hydrogen adsorbed at even used
catalyst. The later implies that the field holds all particles in the working
volume thus combining loading and separation operation in one volume
(Krishna and Sie, 1994).

5. VERSIONS OF G-LS MFAF

5.1. Trickle beds (Counter-current flow)

Magnetically assisted trickle beds (MATB) with co-current gas-liquid flow
are new devices in focus of researchers in the last 2 years (Gui and Zhang,
2006; Li et a1.,2007). These studies address directly overall mass transfer
characteristic of the devices studied and information pertinent to bed
hydrodynamics is scarce. Table 7 collates data about these experiments.
Based on articles published so far we will comment the existing results end
try to draw some ideas about future trends in this branch of MFAF. The
experimental set-ups are sketched in Fig.38.

First ofall, trickle bed operations need fixed particle structures (packing),
so there are three potential regimes of MFAF assuring such conditions:

447



$

I
:i
I
.a

$,g

l{
il
d
i

{

l

{
1

I

Vol. 23, No. 6,2007 Magnetic Field Ass isted Fluidization-' 
A Unified Approach

t c )

q)

IZ

q)

O

q)

bo

F

I
I

q.)

c r o

,
q)

tr
L
o

a')
!

6

o

. o
G,

{.)

c)

X
I t l

l
J
I

9 U

S r E
i6
N'c

o E
P E

o

e , 9

3EE
!l
N

0
E ^ o
9 t E

F :
2 E

.E -;E
F eE n
Ea E- zia
ST E:FE

\o
o
c{

c ( '
O O

-Y .-

N

Fo9
SE

o!

O t

q 2 =
E O
' F

E
c

a 9

r E r ,
:H  E  E
3 t r  q  ' -
. q 5  . T  . X
v o v r

o

s i ^
: t *

5S
l F -
I t t

9 c r  ^ q
: N  \

*s
E. sg
i; u l-F
AiE R:
o Z  6  i  \

q

J

^ F
. = o

s -

o c a
E o
>E

= . = c l

t r = . =. = . =  =
o a o ^ L

> aE;

us€ E.E :$€t
;5=r*uEigj

6
.!

: : l$-*..  {:
E: xE t;

. c  A t  - =  =  a  I

5E€EKFfs
bI)
q

l&

o
t=

o0
6t
:

!t r.i

^ 'E^  ;
H  b \  3
v Y S t l l

= - E E . E  *

i;seg J

G r F  . E

oi :  - .o  o
O g - E E :
;S- : :F  F=
i8 E€EEEgg

Q

A . =

f r  = Is
=  E  E  S . ;

5Ei ssfl

N
o \ s -
* " s  S  i f o

*€ gE:
g

o

.9
o

ao*

'-r ..i al

O r

448



Jordan Hristov Reviews in Chemical Engineering

l) Magnetically stabilized bed (MSB) with Magnetization FIRsr mode with
gas velocities beyond unfo-G but lower than the minimum fluidization
point at which MSB breaks down;

2) settled (de-fluidized) bed (sB) formed arong the decreasing gas flow
branch of the fluidization carve. Such beds have structures rooser than
those of the initiar fixed bed and strongly dependent on the field intensity.
The velocity range is limited from the above one by Unfo_G
(approximately).

3) condensed (or fiozen) beds (cB) formed at high fierd intensities with
Magnetization LAST mode.

Gas Out
'+

ShortGotb

zf
$/ urquuSolenold

V
y;;;.*,

Gas ln
+ Gar In

I Dnln
A} B) '

Fig. 38: Experimental set-ups used in trickle-bed experiments
a) Gui and Zang(2006)
b) Li etat. (2007)
Details in Table 7.

All these structures form themserves under concurrent orienting actions ofmagnetic field and fluid (gas) flow. particres folow the fierd rines orientation
and two of these beds, namery sB and cB have totaily anisotropic structures
while MSB's particre arrangements are between the initiar (isotropic)
structure and completely aligned particles.

ln trickle beds (Carberry, 1976, p.592) the principle mass_transpon
resistances may exist in gas-fiIm, trickring-riquid firm, or within the porous
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catalyst. As in the case of slurry reactions the gas-film resistance is usually

negligible while the importance of l iquid fi lm and pore diffusion depend on

the chemical reaction dynamism.

In view of these facts we have to decide which of the aforementioned

packed bed regimes are suitable for trickle-bed operations with magnetic

beds. Since the pore diffusion is pre-determined by the catalyst design the

only task of magnetically assisted structures is to assure suitable development

of liquid films over the particles and the particle aggregates as well.

Intuitively, since no data from exact experiments exist, we might suggest that

SB and CB assure loose structures with totally aligned particles with small

channels between them. Unfortunately, these loose structure are very fragile,

i.e. easily fluidizable, that limits from above both the gas flow rate and

downward liquid flow. On the other hand, MSB structures are more stable

mechanically than those of SB and CB due to incomplete particle

arrangements along the field lines. Besides, MSB allows gas velocity range

up to 4-5 times U.16-6 (see Part l). Obviously, the stability range should

depend on the liquid flow and the liquid accumulated in the bed respectively.

These thoughts figure what we wish and how G-L-S magnetically assisted

reactors have to be designed, but experimental data verifring these ideas are

insufficient. Let us see what the present status in the field is. First, the

experiments of Gui and Zhang (1996) only inform about the mass transfer

efficiency in a hot desulphurization process. In general, these experiments

were performed with Magnetization FIRST mode using SB fixed structure in

an axial field. The data reveal increase in bed efficiency with variations in

field intensity from 100 up to 200 Gs. Hence, with knowledge about the

MFAF mechanics (see Part l) this is a cl€ar indication that development of

loose structures with increase in field intensity enhances the gas-liquid mass

transfer process. In this context, bear in mind that the depth of SB increases

as the field intensity is increased (Part l), Gui and Zang(2006) balanced the

desulphurization efficiency and the operating costs (pumping power, electric

power, etc.) that finally yielded an optimal operating condition at a field of

350 Gauss. In general, particle control in a magnetically assisted bed

enhances the process from 29.56Yo in absence of particles, to 52.710 of an

ordinary bed and beyond to 78.42o/o with magnetically assisted SB. The iron

in the experiments of Gui and Zhang (2006) is a catalyst, so we may consider

the entire process as L-S mass transfer enhancement since the particles react

with liquid films over them.
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Fig. 39: Trickle-bed experimental data represented by the L-S mass
transfer coefficient. Adapted from Li et al. (2007). Details in Table
7.
a) Effects of liquid superficial velocity and magnetic field

intensity on K" with Uc =S.3lcm/s .
b) Effect of gas superficial velocity on K" with H = 3.9g lu4 / m .
c) Axial distribution of Ks with Ur =0.g49mm/s and

U c  = 5 . 3 l c m / s .

d) Radial distribution of K" under the effect of different riquid
viscosity and magnetic field intensity with U7 =0.g49mm/s
and U6 =5.3 lcm/s .

In the context of L-s mass transfer efficiency, the data of Li et al. (2007)
reveal that increase in both the gas and liquid flow rates yields augmented L-
S mass transfer coefficient (see Fig. 39). The particle alignment in
homogenous structures imposed by the field homogeneity results in almost
flat radial and axial profiles of K" - see Fig. 39c, d.

It is hard to draw a general opinion about the present status of
magnetically assisted trickle beds due to insufficient published data.
However, it might suggest that the aforesaid thoughts could allow developing
this new branch of MFAF.
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5.2. Bubble columns with magnetic distributor plates (co-current

flow)

5.2.1. Foreword
All previously discussed bubble columns utilize magnetic systems

covering almost entirely the fluidized beds. Alternatively, based on a short

solenoid, a magnetic distributor plate (MDP) was developed by Ouyang et al.

(Ouyang et al., 1990, 1992; Weng et al., 1990). The main idea comes from

the magnetic distributor downcomers (MDD) discussed at large in Part 4

(Hristov, 2OO4). Schematically, MDP plays the role of a magnetically

controlled plate at the bottom of a bubble column (see Fig. 40a, b) operating

with a co-current mode (see the Fan's classification and that drawn here). The

experimental conditions in these studies are summarized in Table 8. Two of

the three available designs of MDD (collar, grate and adjacent type), i'e' the

collar and grate one were investigated. Almost all published results address

the collar type design (see Fig. 40a) placed above a pre-distributor ofthe gas

made in a classical manner (perforated tube or porous plate: unfortunately no

information is available in the works published).

The application of MDD with short solenoids means inherent radial and

axial inhomogeneities of the fields generated by them. This immediately

leads to non-homogeneous particle distribution with a solid phase

concentration gradient oriented towards the column wall (i.e. the solenoid

windings) as it is illustrated by Fig. 40b. consequently, the pressure drop

across the magnetic distributor is non-homogeneous in the radial directions

and exhibits a minimum at the column axis of symmetry. Besides, the overall

pressure drop depends non-linearly on gas and liquid flow rates with

inexplicable maxima and minima (see Fig. 4l) Both the inhomogeneous

particle arrangement by the field lines and the radial dependence of the

pressure drop affect the gas bubble generated -size, local concentration and

rise velocity.
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Pr€dl.tr{buor

A) B}
l-

Fig.40: Bubble column with magnetic distributor plate. After Weng et
( 1 e 9 0 . 1 9 9 2 ) .

a) Bubble column-principle design (Weng et al., 1992).
b) Magnetic Distributor plate (Weng et al., 1992).

Note: No additional details about the column design are available in the
literature.

According to Weng et al. (1992) the gas passes essentially in plug flow
and the average gas holdup increases with increase in the gas velocity. This
result is obvious since at a short distance above the MDP the device becomes
a conventional bubble column. The field (in fact the MDP design) affects the
three-phase hydrodynamics in a short distance around the coil and the grid
(an iron grid was used to hold the particles). Some topics of these studies wil l
be commented next.
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Fig.4l: Pressure drop across the G-L-S bed at different gas and liquid
velocities. After Ouyang et al. (1990). The non-linear behaviour
with respect to two-phase pressure drop curves (G-S and L-S) is
obvious.

5.2.2. Phase holdups

Particle grouping into clumps near the column wall form a porous

medium with holes (pores) finer than those formed by similar clumps at the
MDP center. Since the initial bubble size depends on the nozzle size
(diameter) the bubbles close to the wall are finer than those formed at the
MDP center. Macroscopically this yields non-uniform distributions in the
bubble diameter; bubble velocity and local gas holdup in the radial direction
(see Fig. 42a, b). Increase in field intensity yields more uniform gas holdup
distribution at field intensities up to 125 Oe but further increase in field
strength causes non-uniformities in the radial gas distribution. The local gas
hofdup was modelled empirically by (Weng et al. 1990,1992)

Ecgo*q = auopEs (t - tt ) (20a)

The coefficient oro, depends on many process parameters, among them:

bed diameter, liquid viscosity, field intensity, magnetic susceptibility of the

0
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solids, etc. With constant bed diameter its dependence on the field intensity is
approximated (Weng et al. 1992) as

awp = 1.878-0.0036I/ (20b)

The functional relationship tGltocatl = /(O) is illustrated by Fig. 42c as

a function of the dimensionless radial co-ordinate <D = rl R.
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Fig.42: Radial phase holdups as effect of the MDP design . After Weng et
, al. (1992)

a) Field intensity effect on the solids holdup.
b) Field intensity effect on the gas holdup .' 
c) Field intensity effect on the gas holdup : experiments and

approximations by Eqs. (20a,b)

The local pressure drop (relevant to the gas holdup) non-homogeneities
yield liquid phase vortexing. Liquid vortexing is a result of large gas bubble
rising along the column centerline and bubble coalescence, while near the
wall (high pressure drop, dense particle packing and small bubble size) a
homogenous bubbling (dispersed regime) takes place. In the region weakly
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controlled by the fierd the vortex flows cause both tiquid and solids
backmixing.

5.2.3. Bubble charactefistics and wahe model of gos holdup
t Bubble size ond rise vetocity

Bubbles, as the main results of the proper work of the gas distributor, are
at the same time the main toors for riquid mixing determining the gas-riquid
mass transfer area. As mentioned above, due to radial field inhomogenity a
radial dependence of bubble size was observed. with /i < 125 oe the
probability to form bubbles less than 2 mm increases as the field intensity is
increased and can be approximated by Weng et al. (1990, 1992) as

lsi"" =0.3056+0.003759r.t2 -14.2UL0r7 -O.l7147r.r2gLot7 
eD

The bubble rise velocity is rerated to the bubble .il. und in this content
the low velocity bubble probability is

f tow vetocity = 0.262 + 0.0n 5 H0-e2 - 22.7 6uba08 - l.006;lo.e2ulo0s ela\

4

0 24 6 8.|01214

H1t2 ( A/ 61i/2

Fig. 43: Field intensity effect on the bubble rise velocity at different liquid
surface tensions. After ouyang et al. (lgg0).

1 .71.76fl0 N/ m
2 - 45.94x10 l,l/m
3 - 30.45r{01{/m
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Linear regression of experimental data, with reference to Kim et al.
(1977), permits the bubble rise velocity to be expressed as (see Fig. 43)

(22)

o Bubble splitting mechanism

The external magnetic field tends only to split bubbles into smaller ones,
but not to eliminate them. In this context, a functional relationship between

bubble diameter d6 and field intensity H is required, namely

, f  (da1,'*;,  
")= 

o (23)

According to Ouyang et al. (1990) there exist three principle conditions:

rL o = (0.tl2o+ 10.02) exp 
[(r.sz. 

r oo. - 2. I 8. I 0-2 ) rF]

(24)

A bubble could be splitup by cutting-in of particle wedge from the top.
The force balance at the bubble top surface considers:

dt > do1^o1

dt = dt1^o*y

dt <dt1^o1

Bubbles will split

Bubbles remain stable

Bubbles will coalesce

o Magnetic force F H = K H H ( H - H d ) d b

)
Ks =lrks 1rR7

3

o Surface tension F, = f(0)ndoo

where /(d) is a function of the contacting angle

usuallv taken as constant.

o Gravity

(2sa)

(25b)

(26)

between the phases,

458
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^ ,f | ,ro = 
ils(o,€s 

+ pL€L + pc€a)dodo) eB)
o Pressure

. Drag F4 == I(o;1oUt, Ko =3ttkpr1y (2e)

Then, the force balance of the particles resting on the top of the bubbles is

I F =  F u t F o - F p - F s - F a

and when

F > 0 the particles cut into the bubbles

.F < 0 the particles do not cut into the bubbles

(30a)

(3ob)

(30c)

In accordance with this assumption the maximum bubbles diameter can
be calculated from the condition ZFloo* =0 that yields (Ouyang et al.,

l e90):

dt u,tx

KDdpub + f [7lndoo -[ sorat,
(3 la )

KH H (H - H r)- ;  s(p,es + pt€t + p6e6) a|o

where it is assumed that

Ha = ktuT u0l

(p,t, * pt.st.t pr;€<;)= *,ui;uf;

with an empirical coefficient k1 andexponents a1 and B1 $eeTable 9)

A subsritution of (3l a) into (22) yields

(3 lb )

(3 lc )
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(32\

The empirical coefficients are summarized in Table 9 and correspond to
the plots in Fig. 44.

The visual observations (Ouyang et al., 1990) reveal that with a column
and particles smaller than I mm the bubble diameter is about 9 mm in
absence of a field (H =0 ). With the range 0 < H <80Oe the larger bubble

begins to split into a multitude of smaller ones having almost equal sizes.

VoL 2i, No. 6, 2007
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Table 9
Values of empirical coefficients in the bubble splitting model

Note: All these coefficients have to be either dimensional or dimensionless.
unfortunately, the original source (ouyang et al., 1990) does not provide the
required information. The reader interested in details might evaluate the
dimensions bearing in mind that all of them are in basic SI units.

o Babble Wafte model
The wake model of the bubble column with MDp under conditions

imposed by low gas and liquid velocities is (Weng et al., 1992): i) The
column is composed by a bubbie region, wake region and L-S fluidization
zone. ii) variations in field intensity yield three fluidization regimes in the L-
S fluidization zone: porticulate, chain and magnelicalty condensed; that
directly indicates Magnetization LAST mode. Besides, the wake region and
the bubble move at the same velocity. Additionally, the RZE (Richardson-
Zaki)-like power-law relationship (see (34) below) describes the L-S zone
expansion. In accordance with the aforementioned assumptions we read

E, +E1 +Ft =1

dt = tlt[r -eo -(t - x) kE6l+(r -r)reo

*  =(  o .at*  0 '037 \

\ sc + o'ol3 J(l 
- FG )'

9-+=(Jn +2IJc
€6 a1

where ep is the liquid hold-up in the L-S fluidization zone.

(33a)

(33b)

(33c)

(33d)

Further,

Kt+ =2.54.10-3 f  (01= 4.25 K n = -12.34

h : 7 9 . 1 ar =0.532 & = 4.0748
k z =  1 . 3 8 at =0.424 B, = -0.0761
tr = 0.360 at =0.47A Bz = -0.0435

kn= 0.182 bt =10.02

kn =1.52 .104 ba = -2.18.10-2
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v=!!L and k=tw, where e15 is the sol ids hold-up in the L-S
e6 E6

fluidization zoia, €1ys is the solids hold-up in the wake and t* is the wake

volume (dimensionless) expressed through a porosity term.
Because the solids hold-up in the wake region is €ys <eys the

assumption x = 0 takes place. Further, a modified Richardson-Zaki qquation

is established (Weng et al.,1992), namely

0.043 exp (0.062rH)

u.tr' 1 1[3.E4.exn0.327 H)l
= \ t t L )

Irrespective of the fact that it correlates e;<perimental data, the
relationship casts doubts about its physical consistency sftrce lhe fiaid
velocity scale isJield-dependent Besides, in the context of the last discussion
on the Richardson-Zaki scaling rules (Part 5), if the velocity scale increases
with increase in the "external cause"(the field), this immediately yields

augmentation in the R-Z exponent since these effects are inherent ones of the

data fitting procedures. These computational effects are well demonstrated by
(34) but this scaling approach is physically incorrect since the velocity scale
must be aJield independent value.

5.2.4. Fluidization ol admixtures
Experiments with magnetic particles mixed with non-magnetic ones

(Ouyang et al., 1990) with two fypes of particles distinguished with respect to
the minimum fluidization (Unf-M and U^7-1t) and terminal velocities

(Upu , Uru) were performed, namely

c , Magnetic particles alone fluidized
U^I-u <Uo <Ut-u

(34)

':ll
,l

. !

Fluidized admixture

U^f -u <Uo <Upu

U^I-y <Uo <Urn

c Magnetic particle untluidbedforming a paclred bed (MDD)

j
.J

..d
,i
-l

,{',{.::
t

3
t{
:l

,g
t

(35)

(36a)

(36b)
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Uo <U^I-u

w ith Jluidized non-magnetic solids

o Non-magnetic particles fluidized in
chains of unfluidized magnetic particles

Uo <Urf-u

U^f _N <Uo <U,-u

Bubbling
magnotlc
particles

Reviews in Chemical Engineering

(37)

t4

the interstices of vertically aligned

(38a)

(38b)

The fluidization behaviour is schematically illustrated in Fig. 45a.
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Fig. 45: MDP with admixture beds. After Ouyang et al. (1990).
a) Fluidizationbehaviour
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Segregation criteria of the admixture under the experimental conditions of

Ouyang et al. (1990) were chosen, namely

U^f-M 
>2

UnI-t't

U^f-M 
<2

U^f -N

Particles separated

Parlicles n txed

:

{
I
I

{:
c

i
l
.l

{e.l
In addition, the experiments (Ouyang et al., 1990) reveal that the height of

the unfluidized magnetic MDD denoted as ho,"(distributor height) has a

strong effect on the behaviour of non-magnetic particles fluidized above it

(see Fig. 45b). There exists particle segregation along the bed height with

nonmagnetic solids in the upper parts while the field collects the magnetic

phase close to the bottom.

5.2.5. Mukistage bedswith MDP
Evidently the main idea of MDD is comrpted here since the field does not

control the bubbles directly unlike the solid phase in the original devices (see

part 4). However, the works of Ouyang et al. draw an idea addressing

multistage magnetically controlled G-L-S beds (see Fig. 46). In fact, this is

the idea of multistage magnetic distributor downcomers (Part 4) and, in

general, the design of co-current plate based columns is widely encountered

in the chemical and petrochemical industries. The main deficiency is the non-

uniform field distribution imposed by the short solenoid design. The

controlling parameters of the multistage beds are the fluid flow rate and the

solids throughput (see for details Part 4), the bed height and the average

solids retention time /r--, expressed as

Msgnetic particles mixed y'" .l
v mf-N

ts-ret =I"4 0,!-"t\h

(3ea)

(3eb)

(3ec)

(40)

{

{
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Controler ComputerControler

Fig.46: Multistage magnetically controlled G-L-S beds with MDps. After
Ouyang et al. (1990).

5.2.6. Final Commeny
obviously, no matter of generalization courd be found in these studies but

they clearly demonstrate how the improper preliminary analysis (i.e. the
preliminary mental experiments) and the lack of knowledge of the basic
physics of magnetism and particle dynamics generate a practically useless
device. Short solenoids have limited applications due to strong lateral
inhomogeneities imposed on the particle :urangement that immediately limits
the application to columns with diameters less then 100 mm either with
single MDP or multistage devices.

The nice analysis of bubble splitting (ouyang et at., 1990) is general and
suggests a complete magnetic field control over the entire particle bed.
However, in the case of MDp it is valid to the zone in the vicinity of the grid
rather than to the area ofactive bubble-particle interaction above the plate. To
this end, new magnetic systems have to be designed and the design shourd be
a result of a preliminary anarysis refening to what is needed to perform the
process but not to the style: let's take that and see what would happen.
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5.3 Rationald of Magnetically Assisted Bubble Columns

operation and design
This text tries to draw some basic rules pertinent to correct design and

performance of magnetically assisted bubble columns. The review performed

in the previous pages shows how different research groups developed the

issues as well as the type of problems they have met. Classical bubble

columns (Fan, 1989) are beyond the topic of the present discussion but they

will be used as a background in the case of additional magnetic field

assistance referring to control of magnetic solid phase.

&
Saddle coll& Transverse

;W

Fig.47z Sketches of magnetically assisted bubble column pertinent to

comments on the rationale of their design.

First of all, we have to bear in mind that magnetic fields act in short

distances, so arranging a magnetic field surrounding a bubble column we

might expect a device of narrow diameter comparing to the huge industrial

counterparts. Hence, the magnetic assistance is invoked when:

o losses of precious magnetic catalysts are undesirable,

o the bubbling does not allow quite efficient suspension of fine solids,

o the liquid-solid slip velocity has to be increased but an upper limit

imposed by low particle terminal velocity is imposed
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' the process temperature is below the solid phase curie's point, of course.
o The benefits of production of certain goods with magnetically assisted BC

is so high, so the use of additionar magnetic field , specific magnetic
solids and sophisticated operating rules is a cost effective solution.

In the context of adequate design of devices some remarks will be drawn.
among them (see Fig. 47 for relevant illustrations)
) The bubble columns are tall devices and the gas-liquid mass transfer

depends on the pressure. The magnetic assistance has to be performed
along the entire column length so an adequate preliminarily analysis of
magnetic system design has to be performed. In this context all axial field
designed magnetic systems limit the column diameter within a 30o/o zone
of coil (solenoid) radius close to the symmetry axis. The rest of the space
inside the coil is unused and leads to energy waste. To this end the
magnetic control of the entire column requires many short coils since the
distance between two neighboring coirs should be equal to the coil radius
(the basic requirement to create a Helmholtz pair).

) In this context we have two undesired limits with respects to column
diameter inherently accompanied by an ineffective use of the magnetic
field generated and the easily access to the device for process monitoring.
These limits are inherent of axial magnetic systems. certainly, we
comment only systems based on short coils since they enable to enlarge
the device by simple addition of new coils as the column height rises due
to process requirements. Any single solenoids have no chance since they
inherently limit the column diameter rike the short coils but more
undesirable issue is the totally missing access to the column wall. The
waste of energy is also important since the field homogenous zone is
limited not only along the radius but along the solenoid length as well.
Iron yoke based magnetic systems like that used by Al-eodah are quite
inappropriate since they do not meet the requirements of adequate process
design and performance outlined above.
To this end the saddle coils used in some experiments reviewed here
avoid almost all of the aforementioned problems since (see Fig. 47 too):
l) Efficient use of the space where the field is generated, i.e. the outside

column diameter and the inner coil size are almost equal;
2) Only two coils are needed instead numerous short counterparts;
3) Large coil's "windows" allow easy access to column and process

control.

l
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The basic knowledge about magnetic field generating devices (coils and
solenoids) exists in the textbooks of physics, so correctly performed

preliminarily analysis might avoid creation of inadequate experimental
systems and indusfrial devices as well. Some of these comments are

developed in the case of magnetically assisted airlifts (see 6.2.) too, so we

refer to this text as an additional source ofnotes.
Second and quite important problem in magnetically assisted column
design is the organization of the fluid flows. To this end, the design is

completely defined of the magnetization mode employed. With

magnetization LAST mode, where all the solids are free suspended by the

fluid flow and the field controls their mobility and aggregation only, all

known designs from non-magnetic bubble columns are applicable.
Obviously, the gas sparger design should enable production of small

bubbles almost homogeneously distributed over the column cross-section.
With Magnetization FIRST mode and required operations within MSB

regimes, than is in fact a co-current G-L up-flow trough a packed bed, the
gas and liquid flows should be premixed before entering the bed. This

requires special design of the calming section if a supporting grid is used

or use of supporting particle bed (Hristov and Hadzisawas, 1997).

The column should be non-magnetic, so potential problems concerning

undesirable reactions of materials with process fluids have to be taken

into consideration.

6. MAGNETICALLY ASSISTED AIRLIFTS

6.1 Foreword

Magnetically controlled airlifts form a relatively new branch in MFAF.

The magnetic phase behaviour managed by the external field allows to

control of several principle features pertinent to mass transfer operations
performed by airlifts, among them: l) Solids phase movements and

consequently the liquid-solid slip velocity; 2) Gas holdup in the riser via

liquid circulation velocity control and bubble break-up by the particle

aggregates; 3) Remote liquid circulation control via the external field

intensity affecting the particle bed hydraulic resistances.
- Ten years ago Raja Rao et al. (1997) published a mass transfer oriented

study with an internal-loop airlift controlled by an axial magnetic field (see
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Fig. 48a). A year later Hristov (l99Ea) published his work on the magnetic
field control of the liquid circulation in an external-loop airlift with a
transverse field (Fig. 48b). These works were followed by a series of articles
of Al-Qodah (Al-Qodah, 2000a, b; At-eodah and Al_Hassan, 2000)
considering hydrodynamic regimes, bed expansion, gas-liquid mass transfer
and antibiotic production (Al-eodah and Lafi, 2001). Al-eodah uses a
system based on iron-yoke elecfomagnet with a limited height (see Fig. 4gc)
and to a great extent these works copy the style of Hristov (l99ga) and
Penchev and Hristov (1990a, b, c). Recently, studies on riquid circulation
control, minimum stabilization, minimum fluidization conditions as well as
flow transition were reported by Hristov (2005a, b).

Fig. 48: Experimental set-ups of magnetically controlled airtifts
a) Raja Rao et al. (1997)
b) Hristov(1998-AL, 2005a,b)
c) Al Qodah (2000a,b) ; Al eodah and Al Hassan (2000)

All these works were developed independently (see Table l0) and to a
greater extent they used the background of the gas-solids and liquid solids
beds studied intensively during the past 45 years (part l, part 5) taking into
consideraticn the specific features of the airlifu, mainly: tall devices and
inter-relation between the gas-flow rate and the liquid circulation velocity.
The rationale of magnetically controlled airlifu is discussed next.

A) c)

P.dbrd.d
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6.2. Rationale of magnetically controlled airlifts and design
outcomes thereof

Airlifts are encountered in two principal designs (Chisti, 1989): external-
loop airlifts (ELA) and internal-loop airlifts (ILA) schematically showed in
Fig. 49a, b. The main process of solids fluidization takes place in the riser
that primarily determines how the external magnetic field sources have to be
implemented to a given airlift design. With two principle magnetic systems in
hand that is an axial field generated by coils (or solenoids) and saddle coils
for transverse fields, we can see how they can be applied to the existing airlift
designs. The basic principle is that the field has to act efficiently upon the
magnetic solids. The magnetic system has to create a homogenous field with
minimum loss of energy and to affect as much as possible the mobility of the
solids. Further, airlifts are tall devices and the magnetic system has to be built
up in a way that will be able to control the entire reactor volume without
inefficient consumption of energy and materials. The next comments will
elucidate these thoughts helped by the illustration in Fig. 49.

Hence, with the axial fields for example, taking into consideration their
principle feature to create homogeneous fields near the axial symmetry line,
the most suitable airlift design is that with internal loop (ILA), i.e. the case in
Fig. 49d similar to that developed by Raja Rao et al. (1997). Increase in the
size of the vessel affects mainly its diameter, but the zone between the draft
tube and the vessel walls is with completely inhomogeneous magnetic field.
Hence, any particles that might escape from the draft tube and circulate in the
external volume will be attracted towards the coil and immobilized at the
vessel wall. Besides, the energy needed by the coil in its greater part is
consumed to create a field in a zone (outside the draft tube) without magnetic
particles that is a quite inefficient solution. Similarly, transverse field
applications (see the example of saddle coils in Fig. a9f meet problems with
the inefficient use of volumes over which the magnetic fields are generated
that are also useless designs. In general, the ILA design is inapplicable to
magnetically controlled airlifts due the large volumes of the downcomers
wasting magnetic field (axial or transverse) energy.

External-loop airlift design allows the solids to be concentrated in the
riser only that is almost the same as in bubble columns and gas or liquid
magnetically controlled beds (Part l, Part 5). The conditions requiring
minimized energy losses with maximum homogeneous zones may be
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satisfied by the saddle coils only due to two principle features of their design:
l) Saddle coils (Fig. 49e) allow to extend the field zone over the entire
reactor volume (the riser); 2) The field is homogenous up to 99 vo of the
inner coil radius that minimizes the volume of the inefficient zone and allows
a homogenous particle distribution across the riser cross-section.

Baslc Alrllft deslgns

Intetnal.loop
doslgn

Short colls- Axlalfleld

Po$lblo
butinefricient'
doslgn

Saddle colls- Transverse fleld

I
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detlgn
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Fig. 49. Rationale of magnetically controlled airlift designs. present work:
author's standpoint and development of the idea.
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The axial magnetic systems cannot compete in case of airliffs due to two
principle deficiencies : I ) Nanow homogeneous zone (that requires narow
risers) and large inhomogeneous zone that consumes a lot of energy; 2) There
is a need of a large number of short coils to cover the entire riser with a
magnetic field (see Fig. 49c). similarly, the employment of solenoids (Fig.
49g) makes the system useless since the riser is inaccessible for any auxiliary
equipment and the process control is hard to be handled.

Any other magnetic systems based on iron yokes (like those of Al-eodah)
are quite inadequate since they can create fields only over a short range ofthe
riser and have a narrow homogenous zone around. These magnetic systems
were commented in details in Part l. The only possible application is to small
scale laboratory airlifts with shallow magnetic beds. Increase in both the
column diameter and the bed depth yields enormous increase in the amount
of iron required to build the magnetic systems. Further, these magnetic
systems have narrow homogenous zones (about 30 % close to the symmetry
axis) that limit in size the risers. The remaining gaps (benveen the riser and
the poles) are empty and form the principle magnetic resistance (i.e. energy
consumption) of the system. The above thoughts illusfated by Fig. 49 are
additionally supported by Table I l.

6.3. Magnetically controlled airlifts - an anrlysis
According to the classification scheme the magnetic airtifts can operare

with Magnetization FIRST mode with controlled gas-flow that resembles the
Gos-scan mode of the bubble column dynamics. on the other hand,
Magnetization LAST mode is also applicable refening to solids motion and
aggregations affecting the bubble break up with consequent effects on the
liquid circulation and the gas-hold-up as we[. The analysis performed next
ties to follow the main idea of the present reviews and to allow a parallelism
between bubble columns and airlifts. It addresses several principle problems,
among them:
o Magnetization FIRST/LAST mode
o Bed expansion/Collapse
o Minimum stabilizltion and fluldization conditions
o Liquid circulation control, loop friction coeflicient control and
regime trensition
r Bed porosity profiles.

**. J
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6.3.1. Magnetization FIRST mode - bed behaviour * .
o Obsemations (Hristov, 200Sa,b)

In an airlift, the liquid velocity depends on the gas flow rate in the riser.
Despite the fact that the liquid is the fluidizing medium (the gas introduces
the energy) due to the greater density and viscosity, the only independent
variable is the gas velocity U6. The state diagram UG = f (H) in Fig. 50
shows the principle regimes of the bed as the gas flow rate is increased.
These regimes are shown schematically in Fig.5l. The initial bed plays a
role of a fine gas distributor for the gas-liquid bubbling bed above it (Fig. 50)
and it is stable up to the velocity uG" . Atthe point of u6" the bed begins to
expand slowly, but without unrestricted mixing motions of particles. Thus, it
demonstrates the well-known behaviour of a magnetically stabilized bed
(MSB) in accordance with the Magnetization FIRST mode (part l). The
upper limit of the stabilized bed is its breakdown at the fluidization onset, i.e.
the velocity Uc.f .

Developed 3 phase fluidization

*=])Dt MsB
-uG.

Initiel fixed (unfluidized) bed

20

H, kA,/m

Fig.50: State diagram of gas-liquid fluidized magnetizable solids in a
transverse magnetic field. Metallurgical dross Initial bed height,
huo= 100 mm. I- initial fixed (unfluidized) bed; II - MSB; III -
developed three-phase fluidized bed; IV - three-phase fluidization
of particle strings (chains of particles). After Hristov (2005a).):

o Ary o_-o+
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Gas velocity inceases -

Fig. 51: Bed behaviour -schematically (Hristov, 2005a):
Ao - Initial static bed; A - stabilized bed;.B- two-phase (gas-tiquid)
section; C- three-phase (gas-liquid-solid) fluidized section

The bed expansion curves are shown in Fig. 52. After the fluidization
onset (velociV Uct) the bed height increases with the increase of the gas

velocity. In the regime of developed fluidization the bed height reaches 3 to 8
times the initial fixed bed height. This is similar to that one obtained with a
fransverse magletic field where fluidization is carried out by gas (Part l) or
liquid (Part 5). At higher gas velocities, no bed contraction was observed as
it is seen in non-magnetic fluidization (Fan, 1989). This can be attributed to
the field homogeneity in the axial direction (due to the coils extension along
the entire riser length) and to the field orientation transverse to the fluid flow.

The weak decrease in the bed height with increasing in the gas velocity at
Uc <Uc" is due to the detachment of the top layer of particles by gas

bubbles bursting at the A/B interface (see Fig. 51a). This forms a thin zone C
(Fig. 5lb) with weakly fluidized particles, without a fluidization of the entire
particle bed. This phenomenon cannot be suppressed by the increased field
intensity, but it does not affect significantly the fluidization behaviour. It will
not be discussed further here.

In an airlift the liquid circulation depends on the gas velocity (Fan, 1989)
and the gas hold-up in the riser. One could suppose that the hydraulic
resistance ofthe initial static bed (or the stabilized bed) is greater than that of
the two-phase bubbling section. Thus, the bed resistance determines the
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liquid circulation velocity: experimental data at various field intensities are
presented in Fig. 53a. From the data plotted it follows that at low and
medium field intensities the increase of liquid velocity is parallel to increase
of the gas flow. These results (see Fig. 54) are similar to the results obtained
in airlift reactors without magnetic fields (Chisti, 1989) and resemble slightly
the results of Al-Qodah (2000a, b)-see Fig. 53b. However, some opposite
effects occur at higher field intensities, which can be explained by the bed
structure and the liquid hold-up data.

: t00
E

; 500
o!
o
' j 4 | ) 0

o

200

1000

E
E roo

E_ 600s
o

€ 400
g

19- $-3j:.i - -V":jfV*'-:'- jffi -
\. ^b-rfr N

A ) 0

\  .^ rF--  Nt a^{iT $
uG-"

0.10 0.15 0.20 0.25

uc  (m/s )

0 kA/n A 17.32 kNm

4.32 kNm A 25.92 kAtm

t200

B) 0.20 0.22 0.24 0.26 0.2t 030 032 034 0J6

u c  ( m / c )

Fig.52: Bed expansion: a) Stabilized bed expansion characteristics
(Hristov, 2005a): Circles- the evolution of the Ao/B interface;
Triangles- the evolution of C/B interfaces. Metallurgical dross,
Initial bed height, hso= 100 mm.
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In the external-loop airlift discussed here (i.e. the device investigated by
Hristov, 2005a, b) there is a particle bed with controllable packing situated
near the joint between the downcomer and the riser. It is clear that the
hydraulic resistance of that bed will influence the liquid circulation rate atong
the reactor loop, or in other words the particle bed contributes to the totat
friction factor of the airlift (chisti, 1989). The bed expansion and the relevant
hydraulic resistance of the magnetized bed depend on both the liquid and the
gas velocities that are interrelated. The gas velocity will be used as a unique
independent parameter to further explain the complex phenomena affecting
the l iquid circulation velocity.

Generally, at low field intensities, increasing in gas flow rate decreases
the apparent density of the gas-liquid mixture in the riser due to the increased
gas hold-up, so the liquid circulation rate increases. Moreover, the increasing
gas velocity leads to an expansion ofthe packed bed, as well as to consequent
bed stabilization and decreasing hydraulic resistances or friction factors
respectively. This is valid for all the regimes observed for the solid phase
(static bed, stabilized bed and fluidization).

However, at high fields the bed remains packed in two regimes: static bed
and MSB. In the former bed the increasing gas flow required for the onset of
MSB (due to the increased magnetic interparticle forces) diminishes the
liquid hold-up in it. Beyond a certain value the volume fraction of gas in
interstices of MSB is so high that the bed is practically "dry" and linle liquid
flows from the downcomer via the bed toward the riser. In other words, the
gas pressure inside the particle bed is greater than the hydrostatic pressure
produced by the liquid in the downcomer, so the liquid flow practically stops.
Under such conditions, the airl i ft is close to a bubble column. Al-Qodah
(2000b) has commented this phenomenon because of the interpretations of
Livingston and Zang (1993). The situation is known as the regime of
"stalled" bed of the solid phase (Douek et al., 1995; Livingston and Zang,
1993). According to Al-Qodah (2000b) the pressure drop between the riser
and the downcomer is not sufficient to create a liquid circulation. However,
this explanation is incomplete. Upon the regime of a "stalled" bed, the gas
hold-up in the riser is higher that that under the conditions of a normally
circulating airl i ft. Thus, the driving pressure drop would be greater in the
case of a "stalled" bed. However, the inlet gas pressure is so high that it
practically stops the l iquid inflow from the downcomer. Macroscopically,
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these results confirm those obtained with airlifts using mechanical valves in
downcomers (Verlaan, 1987; Bendjaballah et al., 1999).
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Fig.53: Liquid circulation velocity as a function of the gas superficial
velocity in the riser. a) (Hristov, 2005a): Metallurgical dross,
Initial bed height, h6o: 200 mm. b) Al Qodah (2000a,b). Note:
The figure was redrawn electronically by the present author due to
the low quality of the published original.

The above briefs explain the complex phenomena controlled by two
independent physical actions on the particle bed: the gas flow and the
magnetic field. In order to present the explanation in a more acceptable form
an equivalent electric scheme of the airlift is shown in Fig. 55.
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Fig. 54: Liquid velocity as a function of the magnetic field intensity
(Hristov, 2005a). For the corresponding gas velocity and other
details refer to the state diagram in Fig. 53a. The flow regimes
were determined visually and classified in accordance with the
taxonomy of Epstein (1981).
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6.3-2. Mtntnum fruidizatton poine wilh Mognetization FIRST mode:
visual detection and simpte conelations

The minimum fluidization point was determined when the increasing gas-
liquid upflow starts to destroy the expanded stabitized bed, as shown in Figs.
56a,b,c. The minimum fluidization vetocity of the gas phase, Uc_.f ,increases monotonicaily with fierd intensity, as shown in Fig. 56a, while the
corresponding liquid verocity exhibits strongry non-rinear behaviour, as
shown in Fig. 56b, possibry due to the changing regimes of the airrift device
(see comments below and in 3.5.2 , too). The correration between the critical
gas and liquid verocities is i[ustrated by Fig. 56c, which confirms the
classical method of Fan (19s9). Three regions of the curve are worth
commenting: i) the initial increase of the minimum liquid fluidization
velocity within the range of relativery row fierd intensities (H <g Hln)
can be attributed to the increased stability ofthe interparticre contacts; ii) as
gas velocity increases (within the range of moderate field intensities) the
descending curve confirms the crassicar resurts of non-magnetic three-phase
fluidized beds (Fan, l9g9); iii) beyond a certain field intensiry
(H >25 H/n) the minimum riquid fluidization verocity increases again,
possibly because of stronger interparticle contacts or due to increased gas
hold-up of the expanded stabilized bed (Hristov, 2005). The ratter impries
that at such high gas velocities the expanded bed is relatively ..dry,,, and the
gas pressure hinders the riquid inflow from the downcomer into the magnetic
bed. Therefore, at both row and high fierd intensities riquid circuration
velocity is so low that the device operates most rikely as a bubbre corumn
(Hristov, 2005a).

The processing of the descending part of the curve (airrift regime) of Fig.
56c yields the folowing empiricar correration for minimum fluidization
(Hristov, 2005b):

u ud = o.oo9 (uo_ ̂r\-''t" (41)

in the field intensity range of 4000 < H <2600 Al n
A similar data processing of the corresponding velocities Ur_, and

uo-"in the descending part of the riquid velocity curve (see Fig. 56d) yierds
the following conelation for the onset of MSB, (Hristov, 2005b):

Raiews in Chemical Engineering

(42)

1

ur_" =o.ooB(uc_")tt"
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These are simple data correlations apart from the examination of particle
material properties and field intensity effects. More detailed correlations are
performed in 6.3.3
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6'3'3. Tronsition points - graphicar data jrocessng (Hristov, 200sb)
In the absence of a magnetic field, the onset of three-phase fluidization
corresponds to the point at which the bed begins to expand (Fan, lggg).
However, this approach is not appricable here since when the MSB expands,
it remains structured and fixed, and not fluidized. This approach is however
suitable for determining the onset of MSB (verocity uc-r)only. obviously,
as it was proven (Hristov, 2005a) that at its transition points, the
magnetizable bed changes its internal structure, i.e., its hydraulic resistance,
thus affecting the tiquid circulation velocity-see Fig. 57a. These facts
motivated Pozarac and petrovic (l9gg) to deverop a simple graphicar method
for non-magnetic three-phase airrifts by noting that at the onset of
fluidization the slope of the U1-U6 curve changes as shown in Fig.57b).
Physically, this means that beyond minimum fluidization the bed e*pansion
results in decreasing liquid verocities due to increasing hydraulic resisrance.
Thus, at this transition point the derivative auLlauc changes. This simpre
fact is the basis of the graphical data processing utilizing two straight-rine
approximations of the sections of the experimental ut -uc curve: the
section of the packed bed and the section of the fluidized bed. The
intersection of these rine segments defines the minimum fluidization point.
This method is termed the,,two-line methot, (Hristov,2005b).

Both physics and observation reveal two criticar points of transition with
changing bed shuctures for the onset of MSB and at minimum fluidization.
The experimental points of the s-shaped ,,twe of Fig. 57a (Hristov, 2005b)
can be approximated by three straight-line sections correspondin g to initiar
faed bed, MSB and fluidized regime as it is illustrated by Fig. S7b. The
intersections of two of these three sections define the two transition points:
MSB (velocities, U7_, and Uo_r) and minimum fluidization. Hence,
following Posarac and petrovic (l9gg), this technique is termed a rhree-Iine
me t h o d (Hr istov, 2 005b).

6.3.4. Trsnsition points - rciurts provided by rhe three-rine mahod
Vafues of U6_, (U L_") and ()6_^7 (lu^f ) determined visually and by

the three-line method are presented in Table 12 and Fig. 5g. The three-line
method somewhat overestimates (see Fig. 5g) the visually determined values
of the critical velocities and there is a systematic error depending on field
intensity. Precisely, this implies that the graphical method accumulates e'ors
with decreasing slopes of the experimental curves as the field intensiw is
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increased (see Fig. 53a and Fig57a) albeit the acceptable error under 8olo in
Uo_,, determination.

's

* r .  i
r 0 AItn
r SSfllAlrn
r 12 9e0&m ?

A) o 0.1 8,2 03 0A I B) 0 o.ol 0.011 o.s

Ug(frerl(nlr) G..wroc[ylmtrf

g 0.20
B
: 0,15
3
t
t o.1o
!
J

5 o.oc
"o

0.20
^ 0.18
! o.t
5 o.r
E o.a
I o.ro
I o.m
3 o.oe

0.04
0t2

t

F

e
t
o
t

6 t r
-t
J

&.

. i  - " !  l , * ,

' 1

#

gl
r*{

,l
I

FU,|m llctilm.t

Fig. 57: Determination of critical velocities -experimental data and basic
idea of the graphical method. After Hristov (2005b).
a) Liquid circulation velocity as a function of superficial gas

velocity in the riser. After Hristov (2005b).. Metallurgical
dross; Initial bed height, h5o= 200 mm.

b) Graphical method of Pozarac and Petrovic (1983) adapted
from original work

c) Graphical method developed in Hristov (2005b). Dotted lines
approximate sections corresponding to initial static bed,
stabilized MSB andfluidized bed
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Fig. 5E: Parity plot of visual observations and results obtained by graphical
three-line method. After Hristov (2005b). Metallurgical dross:
Initial bed height, hoo =120 nn. Arrows indicate magnetic field

intensities.

6.4. Critical velocities - dimensionless relationships

6.1. 1. Mininam fluidization point

,nuJn" 
simple pi"rru."-but-ce model of Onken and Trager (1990), provides 

{

(43)Ut =aUF

where Cl is a dimensionless friction coefficient (Hristov, 2005a). This d
classical relationship is usually expressed as (Bello, l98l and Bello et al.,
1984'1
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where the dimensionless term a(Ad lAr)n represents the friction factor of

the airlift loop.
The analysis of Hristov (2005b) proposes the following relationship

between the critical velocities at the two transition points, so it will be
convenient to express the velocity conelations as:

Jordqn Hristov

ur = at(Aa lA,)" uty

UL

u tln=o

Reviews in Chemical Engineertng

(44)

. (45)

(46)

(47\

=""(h,=,1
where O, represents the cumulative effect of the magnetic field on the loop

hydraulic resistance (Hristov, 2005a,b). Taking into consideration the non-

linear relationship noted earlier the ascending and descending sections ofthe

curve in Fig. 56c were processed separately to result in the following

relationships for the ascending section of the curve, i.e.

du L_^f f duc_fl >0:

(J r-^r = 1.ss17( 
uo-d 

)t 

*

U^fo luc-^n )

and for the descending section of the curve, i.e. dU;^y f dU6_^y <0:

Y!-4-= 1.5s, I 
uo-'r 

)' 
t*

U^fo \Uc-* )

I = : : i  - . ; . = . , i - - . . . : , . - " . - . . : :  .  . :  
i '

6.1. 2. Minimum stabilization point

It is well documented that the fluid velocity required to transform a fixed
bed into MSB increases with the increasing field intensity (Part l). The non-

linearity of the relationship U1-" = f \Uo_n) 
resembles that one already

demonstrated by liquid circulation velocity as shown in Fig. 54 and Fig. 56c

due to the changes in the fluidization regimes. That is, for weak magnetic

fields the hydraulic resistance is relatively low and the liquid is the main
fluidizing agent (Liquid Supported Solids, LSS), while for strong fields the
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gas is the main fluidizing agent solids (Bubble supported solids, BSS).
These definitions are based on Epstein's (1981) taxonomy (see Hristov
(2005a) for details).

Thus, the ascending section of this curve ( dUL_"f dUG_, >0) for
0 < l/ < 9000 A / m is approximated by (Hristov, 2005b)

ur.-" =r.orr( uo-" \
Uu^fo lUt-^Io )

while for the descending section the corresponding equation is

u r-" = ,.rr, I uo-" .]

u r-do lu t-w )

(48)

(4e)

6.1.3. Incorporation of the liled elfect in the airhft friction foctor {2u
(Hristov,2005b)

The correlations (41) nd (42) provide numerical values for the pre-factor
c2v that depends on both the properties of the particles and the field
intensity, as well as the air-lift loop design. Actually the dimensionless
correlations (46) to (49) have pre-factors nearly equal to l, suggesting the
exclusion of magnetic field effect. However, for completeness we shall
incorporate field intensity in the friction factor o,tz, (Hristov, 2005a), that is,

where HlMs is dimensionless fietd intensity (Hristov, 1996,2oo2\. Values
of Ms for various materials are available elsewhere (penchev & Hristov,
l990a,b; Part l).

In Eq. (50) og is the bed friction coefficient in the absence of the particle
bed. with @o - I (Hristov, 2005a) (see comments next) and at zero field
intensity, equations (47), (44) and (45) become similar to Eq. 43 for non-
magnetic airlifts. The task needs some preliminary assumptions concerning
mainly the scaling expressed by Eq. 45 (Hristov (2005a) assumed the
exponent n" to be 0.4 similarly to non-magnetic airlifts (onken and rrager,

48t

(50)czu=%['.(*)(*i]
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1990), thus permitting the concentration of alt effects of field intensity and
particle properties in the friction factor e,q,. Therefore the scaling equation
becomes

h. =,= ^ [, .W)(*,)' ] [fr"=, J"
Taking into account the results developed by HristoV (2005a), we have

' 
r t - l- z ,, r-0.315 

''l 
r

*+= r.ossl |+21.40, L)- "" ( +]"" [=u,"-" )n' (52a\uu,ro L \.t" ) )\A, ) luo_w )

At zero field intensity Equation (52a) reduces to

/
(*-l =,orr[$1"'(yo-*)" (52b)
\ur^1o )r=o \,s, ) \uo-.yo )r=o 

L
where, for the present airlift design (Hristov, 20054b), we have
Ad lA, = 0.1736 . The equation (52b) is in agreement with the correlations
for the non-magnetic airlift mentioned above (see also Table l3).

The same approach applied to minimum stabilization provides

l -  r l  ^ - .  .  - ^ ,

?='.rrrl t+2634(Lii lf+I'o (,Yo-" )on (53)ur^ro 
t 

\u') 
]\A, ) luo_^ro )

stabilization point is difficult to detect (Hristov, 1996).

(5 l)
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Table 13
External-loop magnetic air-lifts. Comparative information concerning the
device geometry and the friction factors. Adapted from Hristov (2005a)

Refercncc D. D, A./A, h- or hr Drtr correhtbu
n tn n

Itfroedcellv coltro|lcd rldlt!
Al-Qod8h

and Al llassan
(2000)

0.0054

0.16

b.{.75 m
e o = o. 4 5 2 u ocan' exfo. ooz z n)

0<Ur<0.20m/s ;
5  <  B<76mTAl-Qodab

(2fiXh)
0.045 0.018 h= 0.7 m

h '=O7)  m

AIQodab
{2000b)

0.045 0.01t h=0 .75m
h,= 0.7t m

Flristov
(1998a)

0.r40 0.05 0.127 L--2.0 m
tta= 1.8 n v,=a"(4)"" v2'

n"=r,(#
0 < H < 4 2 H / n

Ilristov
(2005a,b)

0.140 0.05 0.127 b=2.0 m
h=  l . 8m u,,=,1f;fu","

0 < H < 4 2 H / n
Non-nscdcrirlilb

Bcllo etd.
(1984, l985a,b)

0.t52 0.051
0.076
0.102

0.ll+0.44
b l= l . tm
L = l . t m

f , 1 n

u, ,=olL l  u^ro 'u.  
LA,J 

-

n= 0.74 * 0.04
o= 1.55

Bcllo (l9tl) 0.152 n=0.78t0.48
a = 0.66

Vedaan (1987) 0.2 0.1 0.25 h=3.23 m U r, = d(Jo,b

b =0.14(x0.il)

Verlaan ct al.
(lere)

0.225
0.20

0.150
0.140

0.445
0.500

[= 10.5 m
L = 3 . 2 m

(J u, = Q(Jc,b

b=0.44(r4.il)
Onkcn and

Trager (190)
0.10 0.05 025 b . r t 5 m Ur, =Uar'

n=0.4
Merchnk&
Stsin (1981)

0.14 I b=4 .5m
\;= 

r.ot(u, +IIo)=s.3j
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6.5. Liquid Circulation - A further analysis rcferring to data
treatment and correlations

The results of Hristov (1998a, 2005a,b) and those of Al-Qodah (2000a)
commented so far reveal a remote control of the liquid circulation velocity by
the intensity of the external field affecting the hydraulic resistance of the
particle bed at the bottom of the riser. The approach requires a controllable
particle arrangement and mobility. The solution reported by Hristov (2005a)
addresses a particle bed with a controllable pressure drop that replaces the
mechanical butterfly valve employed by Verlaan (1987) to control the
hydraulic resistance of the downcomer. The basic idea is explained
schematically in Fig. 59.

BA

I
Llquld I+
Valvs

lllagneth
Fbtd

Magnathable
partlcls bed

Fig. 59: Airlifts with an external loop - the basic idea of the controlled
liquid circulation. After Hristov (2005b). Left - liquid circulation
control by means of a mechanical valve -adapted from (Verlaan,
1987). Right - ieplacement of the mechanical valve by a
magnetizable particle bed.

6.5.1. Airlift geometry and a backgroand from the literature pertinent to
non-magnetic devices

The aftempt to correlate the data needs clarification of the position of the
magnetically controlled airlifts among those ones reported in the literature.

Canfrolable Htdraiullc
ResJ.*lance
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The data summarized in Table 13 show almoit comptete information
available on magnetically controlled external-loop airlifts and some
important studies of non-magnetic devices. More detailed and comprehensive
information is available elsewhere (Chisti, 1989; Onken and Trager, 1990).
The next target of the comparison is to apply directly the empirical
correlations available to the new situation with a special emphasis on the
magnetic field control. The information in Table l0 and Tablel3 indicates
that the Al-Qodah's airlifts are very small in size, while those investigated by
Hristov (1998a, 2005a, b) are close to the non-magnetic device of Bello
(1981; Bel lo et al . ,  1984, 1985a, b).

6.5.2. Llqatd Clrcalatlon - regresslon conelatlons (Hrlstov, 2005a)
o Background of the correlations used

In accordance with Onken and Trager (1990) the hydrostatic prrssure
between the downcomer and the riser, APs, as the driving force, is equal to
the sum of the dynamic pressure drops in the loop (assuming a complete
degasing and zero gas hold-up in the downcomer) 

r i
{

Ms =I l4 = LP7+LPpap (5aa)

where AP7 is the pressure drop in the tubes (riser and downcomer) and
LPeap is due to the particle bed and the fittings (oints). Expressing the

pressure drops through the friction factors fi ,i.e. ,,h*

(54b)

the liquid circulation velocity U1 can be expressed according to Onken and

Trager (1990) as

U L = (5ac)

The gas velocity and the gas holdup can be related by the following
expressions of Shipley (l 984).

l ,c i

'!

ffiru
r '3
M
: 3

't:j
, 3
rq
1
la,*
rl
!q

I

I

,i:

u =! e,u1 ,
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e6, =C'UP . ! .r i '

Reviews in Chemical Engineering

(55)

,r t*i

Chisty(1939)proposes C xl.2 sf m and ae -0.9

This permits liquid circulation velocity U1 tobe expressed as (see Eq.
43, too)

JN
= a.uF (56a)

(56b)

The shorter form of Eq. 56a was used by Onken and Trager with
ns=0.4 and Kawagoe and Robinson (1980) with n, =0.48 for external
loop airlifts. Both values are close to al2 = 0.45 likewise to Eq. (55) and Eq.
(56a). In both cases: O = I . On the other hand, for airlifts with h, lD, > I the
ratio fu lA, is an important hydraulic factor. Using this ratio Bello et al.
(1984, 1985a, b) proposed the relationship (see Table 13, too)

(Ja"% (s7\

The equations (55) and (56) are vatid for Ao I A, = 0.10 -0.44 (Be[o,

1981, Bello et al., 1984, 1985a, b).

6.5.3. Magneticfield effect incorporated - the airlift regimc
The subtitle strongly appeals that all the data and firrther processing of

them concern only the airlift regime and the transition effects towards a
bubble column regime are excluded. In terms of the present study
abbreviation, this implies the zones labelled by ISS in Fig. 53a and Fig. 54.

The simplest way to incorporate the magnetic field effect is to express its
effect on the airlift friction coefficient a. We assume that the Bello's

U, =Uk

ut, =1.5s(+)"r
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equation with n, =0.74!0.04 can be used due to the similar geometries of
the airlifts (see Table l3) and the further data treatments pay attention to the
friction factor o. The data correlations performed by (Hristov, l99ga)
provide

where c),v represents the hydraulic effect of the magnetizable bed. The
power-law form was chosen (Hristov, l99ga) to express OM, namely

where H f Ms is the dimensionless field intensity (Hristov, 1996; part l)

The results shown in Fig. 53 are redrawn in Fig. 60 in accordance with
Eq. (58). The non-liner regression anarysis (Hristov, 2005a) provides
Ko =1.59 and C)ys within the interval from 0.935 to 0.95. From a
practical point of view it was accepted euo = I (Hristov, 2005a) that is
consistent with the equations of onken and rager (1990) and Kawagoe and
Robinson ( 1980) - see the commenrs about Eq. (56b).

Equation (59) demonstrates the main effect of the magnetic fietd on the
total friction factor. However, it has a deficiency, since C)y = 0 at F/ = 0 is
incorrect from a physical point of view. A. more refined relationship

concerning Cly is proposed to include the ratio 
iL 

lHrirrou ,2005a)
ar

where c4 is the friction coefficient in the absence of a particle bed.

Thus, the equation (58) becomes (Hristov, 2005a)

(58) ;,

(5e)c2u =ctuo(#)-"

t  ' , ; , 0 7 4

I l ,  =  t )^ ,1  ̂ o  
I  UY4-  " ' \ A r )  u

{ ' |u =oh['.(?)(#).]

rr,, = dh[, .w)ffi)r ] (+)"'

;

::

(60) ,i
I
I

"ct
1
1
:

i'{
(6la)
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nn = 0.33

.  H=0A/m
.H=4320A/m
^H=85460A/m
.H=12960A/m

5f .6. i  o o oo""- ng = 0.4
-

"H=04, /m
" H=4i l20A/m
af l=$ f f iOA/m
o H=129O0A/m

M(-)

Fig.60; Variations of U1 with the lu, u"lority -according to Eq. (5g).

Effect of the fietd intensity. , =(+)"n uo,nr. After Hristov
\ ^ r  )

(2005a).

Taking into account the data and conditions in (Hristov, l99ga, 2000a, b),
the rising sections of the curves (J7=f@) and Ur.=f(Uc) (see the
zones labelled LSS in Fig. 53a and Fig. 54 were approximated as

(uo,) 'o (61,b)

under the assumption Quo = @o = I (see the comments pertinent to Eq.
(5e) ).

I
a
i

u* =1,.,,,(#;)ill+)"'
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Fig.6l: Data of Al-Qodah (2000a" b) treated in accordance with Eq. (5g)
(  t  . \ o ' 7 0

where M =l+l uo,k.AfterHristov(2005a).
\ 4 ,  )

This expression is relatively simple and fits well the only parts of the
curves where the liquid circulation velocity increases with the increase in the
gas velocity. In other words, we have a situation similar to the non-magnetic
beds, but with a remote control of the bottom friction of the airlift. Moreover,
these results are consistent with the data of Al-eodah (2000a, b (see Fig.
53b) showing only the positive effects on the liquid circulation velocities.
The entire data in Hristov (2005a) were treated with n" = 0.4 in order to
focus the aftention on the magnetic field effects on the airlift friction factor.
Similarly, the data of Al-Qodatr (2000a b) were reated in Hristov (2005a)
(see Fig. 6l) in accordance with Eq. (58). The data processing yielded an
average exponent ns =0.33 (close to 0.4 employed in the above data
processing).

6.6. Transition to a Bubble Column Regime (Hristov,2005a)

6.6.1. Data anolysis
Nevertheless, there are rcsulB provoking questions about the transition
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between the airlift and the bubble corumn regime. This transition is
detectable fiom the sropes of the liquid verocity curves corresponding to the
zones rabered BSS (bubbre-supported sorids) in Fig. 53a and Hg. i+. rrre
attempt to incorporate the fierd intensity effects in the friction factor onry (as
it was demonstrated above) yierded the prot in Fig. 62a,b) as a function of(  u \
n, = tlftJ for two values of the exponent nr.

0.1
I
g 0.08

E
o

0.Gt5
0.3
0.0,15
0.02
0.015
0.01
0.qF

0

B)
0.8

0

A )
0 2 0 1 0 6 0 8 0

B I rilTt

Fig'62: variations of (r^a with the magnetic fierd - data summarized from
two independent studies, but treated in a common manner. After
Hristov (2005a).

a) present work: oy * (#) at two values of n: n = 0.44 and

n=lz3. Data extracted from Fig. 60.
a) Data of A-eodah (2000ab) exnacted from the resurts

presented in Fig.6l.

The plot in Fig. 62a crearry indicates a zone of maxima in the friction
factors separating the airrift regime and the onset of the transition towards abubble column regime. According to the terms of Eqs.564 b this indicates anincreased effect of the fierd on the structure of the particle bed and

497



i r

Vol. 23, No. 6, 2007 Magnet ic Iield Assisted Fluidization-
A Unified Approach

consequently to its permeability with respect to the liquid. Tte value of C)y
at small H lMs indiEates an increase in bed porosity due to the magnetic
field stabilization effdct allowing stable but loose particle beds. The opposite
tendency in the behaviour of {ly athigh HlMs could be attributed to the
compressing effect of the higher magnetic field intensities (high H/Ms
ratios hinder the bed expansion) that results in lower permeabilities with
respect to the liquid.

The processing of the data of Al-Qodah (2000a, b) performed by Hristov
(2005a) yielded a plot (see Fig. 62b) corresponding to the region with small
H I Us . In fact, Al-Qodah (2000a, b) has reported only one curve detected
(the present aut!'lor's assumption) as corresponding to BSS and a negligible
slope of the UL=f(UG) curves. The airlift-bubble column (ALIBC)
transition commented upon by Al-Qodah cannot be detected from his results.

6.6.2. Simple Model (Hristov, 2000a)
The transition regime was investigated by Verlaan (1987-Chapter 5)

based on a simple power low relationship (See Table 13) UG, = aul, . This
anafysis is based on previous studies of Joshi and Sharma (1979) predicting
the liquid circuiation in a bubble column. The expression of Joshi and
Sharma (1979) is

(JcL =tJ8lSD"a (62)

where U6.- is the bubble rise velocity in an infinite liquid flow field and

U65 is the slip velocity between the gas and the liquid phases in accordance

with the two-phase flow drift flux model (see below).

The most common model describing the liquid circulation in an airlift is

the momentum model (Chisti, 1989; Bello et al., 1985a, b; Onken and Trager,

1990). The simple pressure balance (Chisti, 1989; Verlaan, 1987; Onken and

Trager, 1990 ) yields:

I

i i

( ' o ,  - t . - ) ] 0 "

h6

I s.eca?)dz = Kt.u?
0

i'

4==;

E

:
4

;

-l

Fs
:5
*
{eg
,{,=

4

't!

_{
€{
i :

{

hr

I s'ec,e)dz
0

{.
where K7 =2+ is the total friction factor with respect to the liquid phase.

a

Assuming a zero gas hold-up in the downcomer, the equation (63) gives a

(63)

I
I
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relationship equivalent to Eq. 56a

I t .uL =ffJec,

with U6 =JT,

with the assumption &o = 0
gas-liquid slip velocity U6s

Ur, -UcL

Thus, according to (64a,b) we have

Reviews in Chemical Engineering

gaa)

(64b)

i.e. the gas inlet is at the riser bottom. With the
we have

"o, 
* ---_!Jn-

U6s +U6,,!e6,
(65)

The velocity u^s is a characteristic velocity scale for buoyancy driven

flows- the two phase flow in the airlift riser is an example of such a type of
flow. According to chisti (1989) un is defined by the Froude number

r t 2
pr=:! (Bello et al., 1985a), if the riser height I is used as a length

E.h,
scale.

obviously, the AL|BC transition regime depends on the existence of
strong liquid circulation cells in the riser typical of the bubble column
regime. In the analysis of Joshi and sharma (1979) this heterogeneous
circulation flow pattern exists when the slip velocity u65 is greater than the
bubble rise velocity in an infinite liquid u6.-. when the slip velocity 0 is
calculated, the circulation velocity can be obtained from Eq. (63). Verlaan
(1981, 1989) suggested a simple criterion of discrimination between the two
types of flow as equality between the liquid superficial velocity u 6 and the
circulation velocity (Js1 ,i.e.

(66a)

(66b)
U t . n  . . ^ T  -  z  ,  1 0 . 3 3

i7,l"o, 
=l.l8lgD"ec, luos -ut.*) 

l"'
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The slip velocity is a dependent parameter since'according to the simplest
relationship of Wallis (1969) we have

UGs = U,e6 (l- e6) = Uo, (l - 
"o \ 

-U r,"o (67\

Equation. (67) does not take into account the bubble dynamics usually
represented by the bubble rise velocity u6.-. on the other hand, the well
known corelation of Zuber and Findlay (1965) (JGS =(Jb.-eG(t-ro)^
cannot be employed either since in a bubble column the induced circulation
cells cannot be represented by a single distribution parameter. An alternative
to employ the correlation of Hills (1976) (see also chisti, l9g9) was
estabfished by Hristov (2005a), namely

t 6 -
Uc,

0.24 + 1.35((1 6, + U r)o 
nt (68)

where the term 0.24 is an average value of (J6,- in most of the studies of

Newtonian liquids used (chisti, 1989). Therefore, we can obtain a set of
equations (65), (66b) and (68) that could be expressed in dimensionless forms
(Hristov, 200 5 a), namely

(Jn, | (ucs _ ua,- 
)l 

o t' 
= _,

;=r't8lsDuec' \uro ur, )) *rJ"*
(69a)

€Gr ='r 
r-vc.s ,

u ̂  
- 

"1"o'

(6eb)

Js
tG, = (6ec)

(6ed)

Bs +1.35(j, + j)o'e3

where, to =H, i, =ur,/uro und i, =ro/rr,

are dimensionless velocities (Hristov, 1999;2005a\ .

:
j

.i!

I
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Expressing Ucs lU u from (5gb) and substituting in (5ga) we read

rrcfso"ec, (+ -,,)]0" =;J;; (70a)

JG8Gr =
(70b)Bs +1.35(j6 + j)0.e3

For the airlift studied by ttristov- (2005a, b\ Uu=4.429m/s, so
4 = 0.054 and the ranges ofvariations of 7" and i1 are:For i6 from 0 to
0.022 and for 7a from 0 to 0.00256.

6. 6. 3. Tronsifion crlterton ond olrltfi frictton faclors
The critical range of transition detected in Fig. 54 co*esponds to fierd

intensities of l5'20 kA/m in the experiments performed by Hristov (2005a)
(see the dashed lines in Fig. 54 and the zone of separation of the curves in
Fig. 53a) and higher. This intensity estimation alrows to detect, from both
Fig. 53a and Fig. 54 that the gas verocity in the riser is about 0.1 m /s and the
conesponding liquid velocities range from 0.00g to 0.01I m /s. The use of
these values in Eq. (?0b) yields a6" = 0.22g a value similar to those obtained
by Verlaan (1987, 1989) and the totar friction factor derived from (70a) is
Ky =0.397. Notice, this is the rowest value of K7 since it was detected
(Hristov, 2005a) from the zone corresponding to ihe onset where liquid
circulation rate starts to decrease.

The question about the range of variation of the totar friction factor K7
at the transition points as we[ as the corresponding gas hordupsin the riser
was discussed by Hristov (2005a). A graphicar sorution is provided by the
plot in Fig. 63a, where the right-hand side of Eq. (7a) is protted for -rarious
values of K7 as a function of the gas hordup e6, . The intersections with the
line corresponding to the reft-hand side of the same equation (the thicker
dashed line) give sorutions of Eq. (70a) (in fact this a sorution giving points
of U6s o Uu) with respect to e6r, at different values of q . ff,.
intersections indicate rearistic values of a6, within the range 0.1 - 0.5 (more
precisely 0.1-0.3) corresponding to values of K1 from 0.3 to 0.6. This
graphical soiution of Eq. (70a) confirms the estimations done above that the
transition zone corresponds to ec, o 0.22g and K r x 0.4 .
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Fig.63: Graphical presentation of the solutions of Eq. (70a). After Hristov
(2005a).

. , a) Case of application of the criterion (66a)

b) Case of application of the criterion (71) with d = 10.

This value of K; is relatively low with respect to those reported for non-

magnetic external loop airlifts. For instance, K1 :2.77-7.38 for internal

loop-reactors (Bello et al., 1985a -Table 5.6) for h, =1.22-5.07 m that

gives U7o in the range of 2.07 to2.59 m/s. Chisti (1989) collected data for

K1 for external-loop reactors in the range of 5.3 to 7.08 (Bello, l98l) and

1.83 (Verlaan, 1987) and 5.53 (Merchuk and Stein, l98l) for

A)

i

{{
I
i
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yn=0.2-1.8 and, h,:  1.5- g.5 m. The corresponding range of U;o is

from 1.3 to 4.08 m,/s at an average value of Ky =5.Q(Chisti, l9g9_p.2 I I).
The question about the reasons for row varues of K1 cameup in Hristov

(2005a). The analysis performed in this study provided that despite the rype
of the "valve", magnetic or mechanical, the values of the total friction factor
should be similar. A simple test was performed by Hristov (2005a) with Eqs.
(70a,b)(see Fig. 63b) , but in this case the criterion (66a) was modified to

U r, * aUct (7r)

- ror simplicity of'explanation the prots in Fig. 63b were performed with an
arbitrary value of a =10, but the values of K7 and e6, used corresponded
to those of airlifts employing mechanical valves (verraan, r9g7;Bendjabatah
et af . 1999). This ad-hoc performed numerical test provided reliable results in
contrast to the resurts obtained with the criterion (66a). A straightforward
expfanation (Hristov, 2005a) is attributed to the fact that Eq. (56a) gives

a=€ (72)

Assuming C x1.2, as mentioned earlier, the values of O plotted in Fig.
62a conespond to the total friction factors of Ky =1000 and higher. These
resufts coincide with the data of verraan ( Kt >400 - Tabre l-chapter 5) and
of Bello ( I 98 I ) for the ALlBc transition. The same treatment of the data of
Al-Qodah with Urox2.7l2nls yields a similar curve_ see Fig. 62b.
Therefore, the suggested criterion (66a) is not exact as it was estabrished by
Hristov (2005a). This is in agreement with the conclusion of Verlaan et ar.
(1989) that it is impossible to determine a separate transition gas verocity, but
only a range of gas velocities can be denoted where the circulation verocity
equals the superficial riquid verocity. Moreover verraan et al. (r9g9) stated
that if the superficial liquid velocity obviously exceeds the tiquid circulation
velocity, then the airlift is operated as a bubble column. The two later
statements confirm the application of the modified criterion (71) providing
adequate results, but the varue ofthe pre-factor a needsjustification.

Uro

'lKt
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{- Hrlstov l2005al + Al Oodah

Total Friction Fac,tor (-)
Fig. 64: Variations of Q with the total friction factor K1 for magnetically

controlled beds. The plots span a range of Ky larger than those of

(Hristov, 2005a) and the works of Al Qodah (2000a,b). After
Hristov (2005a).

Further, the range of the friction factors for the magnetic airlift does not
differ significantly from that established for non-magnetic devices. The
analysis of the data obtained in (Hristov, 2005a) and those reported by Al-
Qodah (2000a,b) confirms the existence of maxima in the curves
O = f (H / Ms) and coinciding with the minimal friction factors of the
magnetic bed- see Fig. 64 .

6.7. Bed Expansion and Phase Holdups

Very often bed expansion and phase holdups are commented parallel to
the observations of bed behaviour. Airlifu have a special feature such the
inherent dependence of the liquid velocity on the gas flow rate that with
further effects of the magnetic field controlled solid phase make the problem
complex. This implies that the effects of all macroscopic process variables of
bed expansions, the fluidization regimes and the liquid circuration
dependence on both the gas flow and the field intensity need preliminarily to
be defined. From this standpoint, with knowledge of the availabre regimes,
liquid circulation and airlift friction factor control we may address the bed
expansion and the phase holdups.
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6.7.1 Bed upanslon-poroslty evolutlon ' .*-:4,

Bed porosity defined as a fiaction of the bed volume occupied by both the
liquid and gas indirectly represents the bed height. According to Al eodah
and Af Hassan (2000b) the overall bed porosities may attain 70 o/o - see Fig.
65a. In relation to Fig. 654 increase in fierd intensity allows high gas
velocities to be employed to expand the bed with Magnetization FIRsr
mode. Further, with Magnetization LAST mode the overall bed porosity
attains the same levels - see Fig. 65b. Al eodah has derived empirical
relations valid for both magnetization modes

Al-Qodah (2000b)

e = 0.61lui tt53Bo'15s8

Al-Qodah (2000a)

e = 0.4527U3'423 exp(o.oon n)

o  2 4 1 3  S t o t z t i [ 1 6 1 a ? p . - z z
A)  uo  ( sm/s l

(73a)

(73b)

r U6 = 0.0t2 mfr
. UO = 0.052 tn r

0 l0 20 30 '10 50 00 ?0 80

B l m T f

o.7

. 0.65

;
E 0.3
o
b o s
c

t 0.5
o

J
E o.o
o
o
€
E 0.5

e
t

b 0.4
&

B)

0.5

0.4

Fig. 65: Bed porosity evolution with variations of the gas flow rate in small
scale external-loop airrift. Data of Ar eodah and Ar Hassan
(2000). Details about experimental conditions are availabre in
Table l0 : ; *
a) Magnetization FIRST mode.
b) Masnetization LAST mode _ _I__i

without a discrimination in bed regimes and their effects on s.
Each of the expressions (73a"b) has two terms in its right-hand side. The

first term is classical to the airlifts and resembles the equation of Shipley
(1984) used in this work earlier. The second term seems logical in the case of

aB.0 r iT
r B . l 0  m T
lB .26  mT
E 8 t 8 0 n T
.8 .76  nT

505



r

Vol. 23. No. 6.2007 Magnetic Field Assisted Fluidization-' 
A Ltnified Approach

Magnetization FIRST mode, but with Magnetization LAST it looks strange
since increase in magnetic field intensity (Magn. LAST) collapses the bed
and the its porosity has to decrease at fixed gas velocity due to two principle

reasons: l) increase in the size ofparticle aggregates and augmentation ofthe
string-string forces ofattraction, and 2) decrease in liquid circulation velocity

due to increase of bed hydraulic resistance. It might be more logical if bed
porosity decreases with augmentation in field intensity but no physical

explanation of results reported by Al-Qodah exists in the published articles.

Besides, in the Al-Qodah reports (Al-Qodah, 2000a, b; Al-Qodah and Al-

Hassan, 2000) there is no enough information how bed height (porosity)

varies within the regimes attained as the macroscopic variables (gas flow and

field intensity) controlling the bed change. Most probably Eqs. (73a, b) were

used to fit data with both modes (see Fig. 67a, b commented below) without

bearing in mind that with both magnetization modes the field intensity plays

opposites roles to the bed overall porosity. It might be suggested that Eq.
(73a, b) just fits the experimental points without any deep look at the process

physics. In this context, the approximation (73b) is physically correct @t n =

0) while (73a) is certainly not since at B : 0 it becomes a = 0. In this

perspective, further systematic experiments and analyses concerning bed

regimes, effects on the porosity profile evolution are needed.

0.7
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Fig.66: Bed expansion hysteresis with magnetization FIRST mode. After

AlQodah (2000a).
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As it might be expected variations in the gis flow rite with the
magnetization FIRST mode leads to hysteresis in the bed height (porosity)
(see Fig. 66) that confirms the resurts with gas-sorids (part l, part 2) and
liquid-solids (Part 5) beds.

7.7.2. Phase hotdups
) Riser gas hotdup

Riser gas holdup is the most important issue in airrift hydrodynamics
since it directly determines the mixing of phases, gas-liquid and liquid-solids
contact areas and the overall mass transfer rate. In magnetically assisted
airlifts the riser gas holdup strongly depends on the magnetization mode
chosen, namely:
r with Magnetization FIRST mode, the stabitized bed at the bottom plays a

role of a gas distributor, so above the bed top surface we have a two-
phase section as in non-magnetic gas-liquid airlifts. obviously the
effective work of the magnetic bed as a gas sparger depends on the
stability of the interparticle forces and the porous structure created in the
upper part of the stabilized bed. These are comments laying on
engineering intuition but no results have appeared so far in the literature.
Beyond the minimum fluidization point, the increase in gas velocity
augments the riser gas holdup and the magnetic particles and aggregates
in motion play as bubble breakers thus increasing the gas-fluid contact
afea.

o Magnetization LAST mode is practically what in fact we do with
Magnetization FIRST beyond the minimum fluidization point but in
opposite order. That is, increase in field intensity, at fixed gas flow rate,
may increase the aggregate size resulting in the bed collapse and the
increase friction factor of the loop. with increase in field intensity the bed
is approaching the frozen regime (analog of the stabilized bed with
Magnetization FIRST) since all the particles rest at the bottom and we ger
a two-phase (G-L) riser.
The results of Al-Qodah (200b) obtained with both magnetization modes

are shown in Figs.(67a, b).
one important point we have to consider is that the liquid circulation

velocity plays a substantial role in the riser gas holdup formation. From the
results concerning the liquid circulation velocity it becomes clear that the bed
porosity as well as the riser holdup may be controlled by the field intensity
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solely at a fixed gas flow rate either with Magnetization FIRST or LAST
mode. This is an explicit macroscopic result but the intimate mechanisms
considering the liquid-gas slip velocity affecting the gas bubble break-up and
the coalescence pertinent to liquid velocity in the riser controlled by the
friction factor of the loop are not evaluated.
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Fig. 67. Riser gas hold-up evolution with variations of the gas flow rate.
Effect of field intensity with both magnetization modes. After Al
Qodah and Al Hassan (2000).
a) Magnetization FIRST mode.
b) Magnetization LAST mode.

) Bed holdups
Bed holdup as a term considers participation of all the phases and

discrimination of the contribution of each of them to the evolution of the
overall bed expansion. Expressing the initial solids content in the bed as
eso=(Glpr)lltoo, the solids holdup can be expressed to the relative bed

as (Al-Qodah, 2000a)
/ ,  \

6 c r = l - " * l & 9 - l" "  l h t  )
Further, the average gas holdup in the three-phase bed is
t 6 6 = t 6 r - € 6 o

eco =(4 -lir\14

where l, is the riser height, &, is the water height in the manometer
corresponding to the static pressure on the bed surface. That is q6, is the gas
holdup in the two-phase section of the riser above the bed. consequently the

(74\

(7sa)
(75b)

l B o 0 m T
I 8-26 mT
o 8.78 mT
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l iquidholdupinthdbedis elb=l- tcb-Esr.  i i  :  :  ' . . f :

The experimental results of Al Qodah (2000b) concerning phase holdup
evolution with gas flow rate and field intensity variations are shown in
Figs.68a-f .

A)

0.0

. 0.55

F o.t
g

t 0.45
a

= 0.f.
o
t, 0.!5

0.3

?
; f.r.
oo o.t2
o

Ent
3 c.m

I

E ..0.
! o.*

? r.tc
i o.ro
o 0.t2

t o.t
E o,oo
c

€ 0.06

i o.o4
: 0.02
o 0

c
I
E
o
C
ag

c
at

f.52
G5

J o r r
I o.t
I or.
E ..2
E0 .

0.tt
a.tc

0.0

? 0.5t

€t 
o't

E 0r5
Eo r
g

f o.sl
03

0  t  !  t  t z t 5 1 E ? t ' t

U O  l c m t 3 l

FtRSr-r
. B . O n T  .  B . / e m T
r B - l O m T  o  B . 6 0 n T

. B . 7 6 m T

0  t  c  e  t 2 t 5  1 8 2 1  2 1

U 6  l c m l r t

010  20  ! l  /O50  6070  t 0

B l m T l

0 l0 2f tO.O 50 60 70 00

E ( m T l

B)

o)c)

I  t  |  |  t 2 t 5  7 C 2 1  A
UO l c f l t r t l

cI

0  1 0 2 0  3 0 ' O 5 0  0 0 7 0  t 0

B I d T I
D

Fig.68: Bed holdups in an external-lop airlifts as a function of gas
velocity. Data of Al Qodah and Al Hassan (2000).
a) Gas hold-up in the bed. Magnetization FIRST mode.
b) Gas hold-up in the bed. Magretization LAST mode.
c) Solids holdup in the bed. Magnetization FIRST.
d) Solids holdup in the bed. Magnetization LAST .
e) Liquid holdup in the bed. Magnetization First.

D Liquid holdup in the bed. Magnetization LAST.

. B . 0 m T  .  B .

.  UG.o@rd l
. UG '0.62 dtr

509



Vol.23, No. 6,2007 Magnet ic F i el d A s s is t e d F lui dizat ion-

The bed gas-holdup data were correlated with

eo, = (o.o4o4+0.033u6\ go.zzs

A Unified Approach

that obviously fits well the experimental data but without physical sense
since in the absence of field (B = 0) it becomes that t.o=0 that is by far

incorrect; the definitions of the holdups above are equally valid for magnetic
and non-magnetic beds. Besides, if the term in (76) pertinent to the field
intensity contribution is missing, the remaining term (in brackets) has no
physical sense teaching that at Uc =0 (that is Ut =0) the bed holdup is
4%.
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Fig.69: Radial gas hold-up distribution in the riser. After Al eodah and Al
Hassan (2000).

a) Field effect on radial gas-holdup distributions. Magnetization
FIRST mode.

b) Field effecr on radial gas-holdup distributions. Magnetizarion
LAST mode.

Important facts relevant to phase holdup evolutions with variation in both
the gas flow and field intensity are their radial distributions (See Fig. 69a, b).
with both magnetization modes the increase in fluid turbulence makes the
radial gas holdup profile flat. The last implies that either increase in gas
velocity with Magnetization FIRST or increase in fietd intensity
(Magnetization LAST) increase the local fluid velocity streamlining the
particles that yields intensive gas bubble break-up and reduction in the l iquid-
gas slip velocity (due to increase in the loop friction factor). These effects

r B = 4 2 m T

5 1 0
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finally equalize the phase distribution across the riser cross-section and
eliminate preferential flow paths along the column axis in the case of non-
magnetized beds. These comments, in fact, match the observations with
magnetically assisted bubble columns studied separately from the magnetic
airlifts,

7.8. Final Comments and Main Results Outline Pertinent to
Magnetic Airlifts

l) It demonstrates the applicability of a magnetically stabilized bed for a
remote control of liquid circulation velocity in an external loop airlift. The
controlled interparticle structure of MSB allows to rule its permeability with
respect to the gas-liquid flow passing through it. Moreover, the bed plays a
role of a gas distributor for the two-phase (gas-liquid) section of the riser
above. The variation of the magnetic field intensity gives possibilities to vary
the liquid circulation velocity and the gas-holdup in the riser in an easy way
without mechanical devices, nor the need of variation in gas velocity.

2) Data correlations in forms similar to those employed for non-magnetic
airlifts have been developed for better understanding of the mechanism of the
magnetic field control of the airlift friction factor.

3) An analysis of the transition from airlift to a bubble column regime
(Hristov, 2005a) is performed in a manner similar to that applied to non-
magnetic airlifts. The range of the friction factors for the magnetic airlift does
not differ significantly from that established for non-magnetic devices. The
anafysis of the data obtained by Hristov (2005a, b) and those reported by Al-

Qodah confirms the existence of maxima in the curves A = f (H / Ms) .

4) The simple model of the AL/BC transition (Hristov, 2005a) indicates
that the criteria for that transition (Eq. 66a) should bejustified, but in general
both of them (Eq. 66a and Eq. 7l) provide reliable results.

7. CLOSING COMMENTS

The present reviews went through numerous topics of the hydrodynamics
of magnetically assisted gas-liquid-solid fluidized beds with a unified
approach enabling to bring together many non-systematized results and data.
The systemization was performed at two hierarchically organized levels. The
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first level is the creation of a classification based on the non-magnetic Fan's
systematization, but pertinent to the specific features of the magnetic field
assisted fluidization. Nowadays, this classification scheme is unique and
allows to analyze the up-to-date status of magnetically assisted three-phase
fluidized bed and to figure potential research branches both in deep process
studies and development ofnew devices.

The second level is pertinent to detailed analysis ofprocesses and devices
in accordance with the classification drawn and discussion basic
hydrodynamic parameters such as gas holdup, minimum fluidization velocity,
etc. The major part of the review is devoted to bubble column performance
under various circumstances imposed by the flow and magnetization modes.
They were systematically reviewed so far in reference to a scheme already
established in the previous parts of the review series. This approach allows
easily comparison of the bed behaviours and a collection of data enabling
further analysis. comments doing relationships to the non-magnetic bubble
column hydrodynamics persist in the text but they only explain what could be
the probable re:rson ofa certain physical effect rather than to translate facts to
the language of the classical non-magnetic G-L-s fluidized bed
hydrodynamics. Besides, the discussion here fies to arrange the data on
magnetically assisted bubble columns in a manner that is common for non-
magnetic three-phase fluidization reactors and to make it friendlier to people
working on three-phase fluidization but not experience with magnetic fields.
In this context, some problems occurring during the review wilt be briefly
outlined next, among them:
) The technique of gas liquid-solid MFAF is approximately 20 years old

(1987'2007). However, in contrast with the gas-fluidized counterpans
(and to some extend with L-S beds- see part 5) the G-L-s branch is
practically undeveloped. Serious steps toward detailed analysis of bed
hydrodynamics and enlargement of the devices should be done. As usual,
the key problem is the choice of a suitable magnetic system. The
dominating axial magnetic systems are well known among the scientist
working on MFAF, but the smail zones with homogeneous fierd
dishibutions are still obstacles to their implementation in large-scale
devices. To this end two speciar sections devoted to rationales of
magnetically assisted bubble columns and airlifts were developed in the
present review.

F Unfortunately the results published so far do not allow development of a
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systematic meta-analysis of data as it was done in part 5 with L-s beds.
Two principal reasons for that exist : r) Insufficient amount of data
published in literature ; 2) The data published in various articles are
presented in a manner by far different from that established in non-
magnetic three-phase fluidization (Fan, l9g9). To this end, it is hard to
apply the two basic approaches in G-L-S fluidization hydrodynamics, i.e.

. the Drift-Flux method and the Bubble-wake model. It is a pity but the
results published and collected in this review do not allow fitting these
models and getting new results. It might suggest these comments as weil
as the analyses in the subsections of the review wiil appeal more
systematic studies and successful implementation of the knowledge of
non-magnetic G-L-s beds to the magnetically assisted counterparts.

D Magnetically assisted airlifts form the second principat branch of the
review. These are promising resurts but further studies on gas hordup,
liquid circulation, field flow profiles, etc, are required.

D In contrast to the previous parts of the review, no scaling and dimensional
analyses were performed here. The thorough examination of the existing
information in both magnetic and non-magnetic G-L-s fluidization reveal
that scaling through nondimensionar numbers is not wefl deveroped; as it
is demonstrated by the collection of information in the book of Fan (Fan.
1989). In some studies correlation in dimensionless forms really exist but
they are by far from generarization alrowing apprication to magneticaily
assisted beds. Dimensional anaryses and scaling applications are hinder
by incomplete information about the G-L-S hydrodynamics and the field
effects on it. In this context, a potential development of either the Drift_
flux model or the Bubbre-wake-modet would provide information how
the field affects their basic parameters and give a ground to deverop
scaling and dimensional analysis.

D In contrast to the other magnetically assisted fluidization techniques the
slurry bubble columns with axial fields reached first an indusrial level of
application in china by apprication of the SRNA cataryst to
hydrogenation oforefins (zong,2007). This serous breakthrough ofthe
youngest branch of MFAF shows that even with undeveroped theory
some applications are possible by hial-error approaches but systematic
studies are of a paramount importance for the further development of
MFAF.

) Finally, we hope that this review wil provide comprehensive information
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to the readers, draw new ideas and help the people interested in this
fluidization branch in their studies.
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LIST OF SYMBOLS
A"-bed cross-sectional au:ea, (m2 )

l, - downcomer cross-secti onal area, (m2 )

A, - riser cross-section al area, (m2 )

a -interfacial area , Eq. ( 18) @2 f m3 )

4" -dimensionless exponent defined by Eq. (55), (-)

a, -dimensionless coefficient in Eq. (5)

a" -coefficeint in Eq. (l}b), (ml A)

B - magnetic field induction,(T) (sometimes the induction is expressed in
Gausses. i.e. lGs = l.l0{ I

.8.., - dimensionless bubble rise velocity ,Eq. (69d)

b" - coefficient in Eq. (5), (mlkA)

Q -column diameter, (rn)

d n- particle diameter, (z)

d,-riser diameter, (z)

du -UuUUle diameter, (z)

dt(^o)- maximum bubble size,(m\

do-*"- average bubble diameter in a slurry, (z)

f" -magnetic force, (N)
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Fu -drag force, (.1[)

{ 
-eravirv force, (rV)

.S - pressure induced forces, (M)

{ - surface tension force, (rV)

f , - local friction factor, Eq. (54b), (_)

G, - bed weight, (tg)

fl -normal gravity acceleration, g = 9.gl n2 I s

7o - dimensionless gas velocity ,Eq. (69d)

7, - dimensionless liquid velociry ,Eq. (69d)
H - magnetic Field intensity, A/m (in some cases the fietd intensitv is
expressed in Oe (Oerstedts)
H 

" 
- critical field intensity defined by Eq. (9), (,Um)

H a - aparameter defined by Eq. (3lb), (A/m)

^F/o -characteristic field intensity (Magn. LAsr) corresponding to e -> l ,
(A/m)

hu-bedheight, (z)

hoo -initial bed height, (z)

ftr,o - distributor (condensed bed) height , (m)- thecase of BC with MDp
h,- riser height, (z)

ftr - downcomer height, (nr)

ho-heightof gas inlet above the riser bottom, (rn)
K - dimensionless exponent in Eq. (50), G)
Kn - dimensionless exponent in Eq. (59), G)
K" - liquid-solid mass transfer coefficient , (r/s)

K,, - empirical constant in Eq..(S) and Eq. (33), ( p af m2 A2
ko and ft, -dimensionless coefficients defind by Eq. (l6a,b,c)
Ms - magnetization at sairation, (A/m)
rn -dimensionless exponent defined by Eq. (44), ()
mo- magnetic particles mass, (tg)

ns -exponent in Eq. (a3) and Ew. (56a), (_) -
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P - pressure, (Pa) : i,.,
/P - pressure drop, Pa

dP- - axial column pressure gradient, (N/n3)
ctz
r -radius or radial distance-see the context, (z)
,R -column radius, (z)
,s - exponent in Eq. (l0a), (dimensionless)
t 
"_r", 

- average solids retention time , (s)

U -superficial velocity, (m/s)
U, -UuUUle rise velocity, (m/s)
U 0,. - bubble rise velocity is an infinite liquid, (m/s)

U , or {/r, - superficial liquid velocity in the airlift riser, (m/s,1

U, - superficial liquid velocity,(m/s'y

Ur-, - superficial liquid velocity at the onset of MSB, (z/s)

U uu - minimum liquid fluidization velocity, (z/s)

U r-^70- minimum liquid fluidization velocity in absence of a field (H=0) ,
(rrls)

Ur, - liquid circulation velocity in a cell (bubble columns)-see Eq. (62),

(n/s)

{/o - superficial gas velociy, Qn/s)

Uo or (/o, - superficial gas velocity in the riser, (z/s)

Uo-"- superficial gas velocity at the onset of MSB, (z/s)

Uc-.t - minimum gas fluidization velocity, (z/s)

Uo-,70- minimum gas fluidization velocity in absence of a field (H=0) ,
(tn/s)

Uo, - gas-liquid slip velocity, (n/s)

U" - minimum fluid stabilizing velocity (at the onset of MSB), (z/s)

U^r- minimum fluidization velocity, (ttt/s)lJ^1s - minimum fluidization

velocity in absence of a magnetic field, (m/s'1
Ur-u - minimum fluidization velocity of magnetic particles, (rrls)

U ̂ f -r,t - minimum fluidization velocity of non-magnetic particles, (z/s)
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Uo - operating liquid superficial velocity of muttistage BC rlh MDp. (r/r)

U, -particle terminal velocity, (m/s'1

U,-, - magnetic particle terminal velocity, (m/s)

U,-, - non-magnetic particle terminal velocity, (n/s)

W"-total mass pf solids , (tg)

z axial coordinate or distance -see the context, (rz)

Greek Letten
a - a proportionality factor, Eq. (71), G)
f",," - probability to form a bubble of a given diameter, Eq. (2la), ()

I tmvetoc,y - probability to get low bubble rise velocity, E9. (2lb), G)
t - bed porosity (phase holdup) , ( -)

6- - overall bed porosity, ( -)

eo - porosity of the initial unfluidized bed (Magnetization FIRST mode)

€c - gas holdup, (-)

6c0 - centre-liner local gas holdup, Eq. (l6a), o

eo - overall gas holdup, (-)

tor- mean gas holdup in the riser, (-)

tGd- mean gas holdup in the downcomer, (-)

e. -liquid holdup, ( -)

e] -overall liquid holdup, ( -)

6, - local solids phase holdup, (-)

s, - centre-line local solids phase holdup, Eq. (l6b), G)

a0 - bed voidage (porosity) of non-magnetized three-phase bed (Magn.
LAST), ( - )
tH - actual bed voidage (porosity) of magnetized three-phase bed (Magn.
LAST), (-)

eff- Aea voidage at minimum fluidization conditions and H *0 (Magn.

LAST), (-)

er, - liquid-solid holdup in the L-S zone (BC with MDp), (-)

475 - solids holdup in the in the L-S zone (BC with MDp), (-)
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t., - bed porosity at the onset of MSB

qr-fluid dynamic viscosiry, (Pa.s)

1t - magnetic permeability, (ll/bA/.m) or (H/m)

,tlo - magnetic permeability of free space, Wb/A.m

pr;- gasdensiry, ( kS I ̂ 3 )

A - parricle densiry, ( ksl*3 )

p r -liquiddensity, ( kS I ̂ 3 \
o -liquid surface tension, (N/z)
v - fluid kinematic viscosity, m2ls
@ = rlR- dimensionless radialco-ordinate, (-)

C) -dimensionless friction factor, Eq. (43), (,
{)M - dimensionless pre-factor for magnetically controlted airrifts, defined
by Eq. (as)

Qro - zero-field dimensionless pre-factor for magnetically controlled

airlifts, defined by Eq. (59)
ar -specific friction factor defined by Eq. (50) and Eq. (51), G)
a, - dimensionless pre-factor (friction coefficient at zerc field) for

magnetically controlled airlifts, defined by Eq. (50)

Dimensionless Groups
t t 2

F, = " ?- Froude number defined by the specific velocity U n Eq. (64b),
g.h,

(,

Subscripts

f -nuia

G- gas

g -gas

I  - l iqu id

S -solid

Abbreviations

BC - Bubble Column 
:

BSC - Bubble Slurry Column ;
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BSD- Bed Surface Decrease (due to bursting gas bubbles and particle

suspension)
BSS- Bubble Supported Solids

DVL - dimensionless voidage number

FB- fluidized bed

G-S - Gas-Solid
CB - condensed (frozen) bed (Magnetization LAST)

L-S - Liquid-Solid
LSS - Liquid Supported Solids ,

MFAF - Magnetic Field Assisted Fluidization

MDD - magnetic distributor downcomer (see Part 4)

MDP - magnetic distributor plate

MSB - Magnetically Stabilized Bed

PS MSFB- magnetically partially stabilized fluidized bed

MSFB- magnetically stabilized fluidized bed

SB - settled (de-fluidized) bed (Magnetization FIRST)
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