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Chemical Engineering Dept. and CERPIC, Laval University, Quebec, G1K 7P4, Canada´

( )External inhomogeneous magnetic fields exert a body force magnetization force on
electrically nonconducting and magnetically permeable fluids. The force acts on both
paramagnetic and diamagnetic fluids and can be used to compensate for or to amplify
the gra®itational body force, unlike the Lorentz braking force that manifests only for
electrically conducting liquids, such as liquid metals. The ability to influence two-phase
flows through porous media by the application of external inhomogeneous magnetic
fields is of interest in the operation of trickle-bed reactors for catalytic process intensifi-
cation, particularly in oxidation catalysis, where the O paramagnetic properties may be2
propitious to macrogra®ity operation for enhancing liquid holdup and wetting efficiency.
An isothermal 1-D two-fluid magnetohydrodynamics model based on ®olume-a®erage
mass and momentum balance equations to describe the gas-liquid downflow under a
spatially uniform magnetic-field gradient. The slit model approximation was used for
the deri®ation of drag force closures inter®ening in the momentum equations. The e®olu-
tion of the trickle-bed magnetohydrodynamics was theoretically in®estigated in terms of
liquid holdup and pressure drop under four gas-liquid combinations. Ad®antages of this
no®el approach of process intensification were rationalized in terms of catalytic reac-
tions.

Introduction

The ability to influence two-phase flows by the application
of external inhomogeneous magnetic fields is of potential in-
terest in the operation of trickle-bed reactors from the point
of view of process intensification for catalytic reactions. The
damping of flow through application of magnetically homoge-
neous fields is applicable only to liquids exhibiting significant
electrical conductivity, such as liquid metals and melts, by

Žexploiting the Lorenz force Branover, 1978; Iliuta and
.Larachi, 2003 . Obviously, this prospect has poor potential

applicability in multiphase catalytic reactor engineering be-
cause most of the process fluids, water-like or organic as well
as the gases, are either electrically nonconducting or weakly
conducting. The force exploited in the present investigation
has a different origin and is independent of the fluid electri-
cal conductivity. The magnetization force, per se, is a body
force that is analogous to the gravitational force and mani-
fests when inhomogeneous magnetic fields are applied to

Žparamagnetic or diamagnetic materials in phase � gas, liq-
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.uid, solids

� dB dH�
F s B s� � H 1Ž .M� 0 �� dz dz0

where the volume susceptibility � is similar to the density,�

Ž .and the one-dimensional 1-D magnetic field gradient
BdBrdz exerts a body force similar to the gravitational force.

In general, the magnetization force in a paramagnetic fluid
Ž . Ž .� �0 is much larger than in a diamagnetic fluid � �0 .� �

The paramagnetic fluids contain atoms or molecules that
possess an intrinsic magnetic moment, and their magnetic
susceptibilities satisfy Curie’s law. Unlike paramagnetic flu-
ids, diamagnetic fluids contain atoms or molecules that do
not exhibit intrinsic magnetic moment. When a static mag-
netic field is applied to these fluids, the change of the field
induces a magnetic moment for each atom or molecules. The
diamagnetic fluids experience a weak repulsi®e force in an
inhomogeneous magnetic field, while the paramagnetic fluids
experience a much larger attracti®e force.
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Compared with gravitational force, it is a remarkable char-
acteristic that the direction of the magnetization force can be
controlled so that sub- or macrogravity conditions can be ar-
tificially realized in either or both gas and liquid in the two-
phase flow prevailing in trickle-bed reactors.

The method of controlling vertical acceleration has found
many applications over a wide range of fundamental research
such as in the formation of high-quality crystals, the synthesis
of new materials, and also in fluid dynamics experiments
Ž .Wakayama et al., 2001 . Recently, there have been some re-
ports that an upward magnetization force reduces the effect

Ž .of gravity. For example, Beaugnon and Tournier 1991 and
Ž .Ikezoe et al. 1998 succeeded in levitating water, ethanol,

and acetone by applying an inhomogeneous magnetic field
and producing an upward magnetization force. Magnetic levi-
tation occurs when the integrated upward magnetization force
is counterbalanced by the gravitational force. Furthermore, it
was found that the vertical magnetization force has an influ-

Žence on the process of protein crystal formation Wakayama
.et al., 1997 . When either an upward or a downward magneti-

zation force was applied to supersaturated protein solutions,
the quality of protein crystals was found to improve or deteri-

Ž .orate, respectively Lin et al., 2000 . Magnetic buoyancy force
was observed experimentally to affect the motion of bubbles

in their way in paramagnetic and diamagnetic liquids
Ž .Wakayama, 1997; Wakayama et al., 2001 . When an upward
magnetization force acts on the fluid, vertical acceleration
Ž .effective gravity can be reduced from 1 unit g to almost 0 g
Ž .Wakayama et al., 1997, 2001 entraining damping of natural

Žconvection and its adverse effects Wang and Wakayama,
.2002 . The influence of inhomogeneous magnetic fields on

natural convection was also studied theoretically. Qi and
Ž . Ž .Wakayama 2000 , Qi et al. 2001 , and Ramachandran and

Ž .Leslie 2001 studied numerically the natural convection of
the Rayleigh-Benard type in cylindrical enclosures with verti-
cally oriented magnetization force. Very recently, Wang and

Ž .Wakayama 2002 published a detailed numerical study on
the ways of controlling natural convection in non- and low-
conducting diamagnetic fluids contained in cubical enclo-
sures under inhomogeneous magnetic fields oriented in dif-
ferent directions.

In contrast, information about analogous magnetohydrody-
namic phenomena taking place in trickle-bed reactors under
inhomogeneous magnetic fields, and involving the flow of
nonconducting, magnetically permeable fluids, is still largely
terra incognita. The ability to influence two-phase flows
through porous media by the application of external inhomo-
geneous magnetic fields may be of major interest in the oper-

( )Figure 1. a Relationship between magnetization and gravitational forces acting on fluid flow in a trickle bed reactor
( ) ( )with the magnitude of BdBrrrrrdz spatially uniform ; b actual gas-liquid flow pattern in trickle flow regime,
( ) ( )c conceptual slit flow; d slit geometry.
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ation of trickle-bed reactors, especially in mini- or microsized
reactors, from the standpoint of catalytic process intensifica-
tion. In particular for reactors hosting catalyst-mediated oxi-
dation in organic liquids, the paramagnetic properties of O2
present in the gas phase combined with the diamagnetic or-
ganic liquid properties, may represent a propitious factor to
generate macrogravity operation for improving liquid holdup
and wetting efficiency and for reducing hydraulic energy con-
sumption or pressure drop.

To explore numerically the impact of a spatially uniform
magnetic-field gradient in a trickle-bed reactor, an isother-
mal 1-D two-fluid magnetohydrodynamics model based on the
volume-average mass and momentum balance equations was
developed to describe the gas-liquid downflow in terms of
liquid holdup and pressure drop predictions under four gas-
liquid combinations: paramagnetic gas�diamagnetic liquid,
paramagnetic gas�paramagnetic liquid, and diamagnetic
gas�diamagnetic liquid, and diamagnetic gas�paramagnetic
liquid.

Governing Equations of Trickle-Flow
Magnetohydrodynamics
Volume-a©erage balance equations

A two-phase downward gas-liquid trickle flow through a
porous medium in the presence of spatially uniform magnetic

Ž .field gradient was considered Figure 1a . The direction of
the magnetic field is parallel to the column axis and the grav-
ity. The two-phase flow was assumed unidirectional, without
chemical reaction, with both flowing phases viscous Newto-
nian. The liquid was incompressible and the gas phase ideal.
The packing surface was totally wet by a film-like liquid flow,
while the gas flows amid solid and liquid in the remaining

Ž .interstitial space Figure 1b .
Figure 1a illustrates both upwardly and downwardly ori-

Ž .ented magnetization forces F acting on phase � to pro-M�

mote, correspondingly, subgravity or macrogravity conditions.
For illustration purposes in Figure 1a, the magnetic-field gra-
dient dBrdz was arbitrarily chosen so as to produce a mag-

Žnetic field linearly increasing in the streamwise direction that
.is, downwards . In practice, negative and positive magnetic-

field gradients can be produced alike depending on the rela-
tive position in the magnet bore of the reactor with respect to
the central point where B is maximum. In the particular con-

Ž .figuration of Figure 1a, paramagnetic fluids � �0 undergo�

positive magnetization force which adds up with the gravita-
tional force to create macrogravity conditions in the fluid.

Ž .Conversely, diamagnetic fluids � �0 give rise to a nega-�

tive magnetization force lowering the impact of gravitation.
Furthermore, each fluid phase is viewed as a continuum

for which the differential-macroscopic balance equations can
be applied. The model was based on the volume-average form

Žof the transport equations for multiphase systems Whitaker,
.1973 . The model equations consist of the conservation of

volume, conservation of mass, and conservation of momen-
tum for the gas and liquid phases:

Conser®ation of ®olume

� q� s� 2Ž .ll g

Continuity for the gas and liquid phases.

� �
� � q � � u s0 3Ž . Ž . Ž .g g g g g� t � z

� �
� � q � � u s0 4Ž . Ž . Ž .ll ll ll ll ll� t � z

Momentum balance equations for the gas and liquid phases.

� 2u� � ge� � u qu � � u s� �Ž . Ž .g g g g g g g g g 2� t � z � z

� Pgy� q� � gyF qF � 5Ž .g g g g ll Mg g� z

� � � 2u lle� � u qu � � u s� uŽ . Ž .ll ll ll ll ll ll ll ll ll 2� t � z � z

� Plly� q� � gqF yF qF � 6Ž .ll ll ll g ll ll s M ll ll� z

To close the system made up of Eqs. 2�6, specification of
closures for the volume-average interfacial drag forces and
for magnetization forces are needed.

Drag force closure expressions
In the momentum balance Eqs. 5 and 6, a set of constitu-

tive equations is required for the interfacial drag forces. The
assumption of bed complete wetting entrains that the gas-
phase drag will only have contributions due to effects located
at the gas-liquid interface. The resultant of these forces de-
noted F is the drag force exerted on the gas phase as ag ll

result of the relative motion between the flowing phases to
oppose slip. Similarly, the resultant of the forces exerted on

Ž .the liquid phase involves two components: a the drag force
F , experienced by the liquid due to the shear stress nearbyll s

Ž .the liquid-solid boundary; b and the gas-liquid interfacial
drag F .g ll

Under the circumstances of trickle-flow regime, the slit flow
analogy can give a satisfactory approximation of the constitu-
tive equations needed for the gas-liquid and the liquid-solid

Ž .drag forces Holub et al., 1992; Iliuta et al., 2000 . The gas-
Ž .liquid inclined slit flow, illustrated in Figure 1c, becomes

well representative of this gas-continuous flow regime when
the liquid texture is mainly contributed by the packing-sup-
ported liquid films and rivulets, so that the gas-liquid sepa-
rated flow assumption holds. This is generally true at low liq-
uid flow rates that allow the transport of liquid in the form of

Ž .a smooth and stable film Holub et al., 1992 . The geometric
mapping relations between the bed and slit scales are shown
in Figure 1d.

The actual trickle-flow structure being conceptualized via
an idealized slit flow, the force balance equations for the gas
and liquid are first solved in the slit scale and then mapped

Ž .into the bed scale. Iliuta et al. 2002 identified the liquid-solid
and the gas-liquid drag forces based on the slit analogy. Un-
der the conditions of enhanced gas-liquid interfacial interac-
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tions, the projections of the drag forces at a given depth z in
the bed take the following forms

21y� � 1y�Ž . ll
F s E qE 1q� � N ® N ® �Ž .ll s 1 2 g ll ll S ll S ll ll2 3 3½ 5d � d �p ll p ll

7Ž .

21y� � 1y� �Ž . Ž .g g
F s E qE 1q� N ® y� u NŽ .g ll ll 2 g ll Sg g g , i2 3 3½ 5d � d �p g p g

� ® y� u � 8Ž . Ž .Sg g g , i g

( )Formulation of liquid or gas interfacial ©elocity under
magnetic-field gradient

Velocity continuity condition at the gas-liquid interface en-
tails that the gas and the liquid velocities are equal there.
The liquid interfacial velocity was obtained by solving the 1-D
projection of the momentum balance equation along direc-
tion x� for a Newtonian incompressible liquid moving in the
gravitational direction with a magnetic field gradient super-

Ž .imposed in the z direction Figure 1c

d2u� dPlly� s � gy cos 	qF cos 	 9Ž .ll ll M ll�2 ž /dzdx

with the boundary conditions

x�s0 u� su� su� 10Ž .ll ll , i g , i

� u� �� ug ll
� s� 11Ž .� �g ll� x � x

x�s
 u� s0 12Ž .ll

ŽDouble integration of Eq. 9 using the boundary conditions
.Eqs. 10 and 12 yields the velocity distribution of the liquid in

the slit

1 dP x�2
� �u x sy � gy qF cos 	Ž .ll ll M llž /� dz 2ll

1 dP x� x�

�q � gy qF 
cos 	qu 1y 13Ž .ll M ll ll , i ž /ž /� dz 2 
ll

A force balance over the control volume delineated by the
gas domain in the wet slit gives

� �dP e i gy q � gqF cos 	s 14Ž .g Mgž /dz wy
 �Ž . e

The interfacial shear stress obtained from the derivative of
Eq. 13 at xs0 is equated to that given by Eq. 14, through
application of boundary condition Eq. 11, to finally obtain
the following expression for the interfacial velocity in the slit

scale


 2 dP
�u s y q � gqF cos 	ll , i ll M llž /2� dzll


 wy
 dPŽ .
q y q � gqF cos 	 15Ž .g Mgž /� dzll

After further transformation using the relations shown in
Figure 1d, the resulting equation for the liquid interfacial ve-
locity in the bed scale becomes

236 dP � ll
u s y q � gqFll , i ll M llž / ž /E � dz a1 ll s

72 dP � �y�Ž .ll llq y q � gqF 16Ž .g Mg 2ž /E � dz a1 ll s

Two-phase flow stationary model
Assuming that liquid holdup does not vary appreciably

along the vertical direction enables the neglect of capillary
pressure gradient with respect to the fluid pressure gradient
Ž .Attou et al., 1999

dP dP dPg lls s 17Ž .
dz dz dz

Assuming further that a steady-state flow prevails, the dif-
ferential-macroscopic balance equations for the gas and liq-
uid phases can be rewritten as follows

� q� s� 18Ž .ll g

du d�1 1 1 dPg gq q s0 19Ž .
u dz � dz P dzg g

1 du 1 d�ll llq s0 20Ž .
u dz � dzll ll

du d2u dPg ge� � u s� � y� q� � gyF qF �g g g g g g g g g ll Mg g2dz dzdz
21Ž .

du d2u dPll lle� � � s� u y� q� � gll ll ll ll ll ll ll ll2dz dzdz

yF qF qF � 22Ž .ll S g ll M ll ll

Equations 18�22 establish the two-phase flow model in the
form of a set of five coupled differential equations and five
unknowns, that is, � , � , u , u , and P. The input variablesg ll g ll

to be fed to this model are the fluid superficial velocities, the
fluid physical properties, the bed and packing characteristics,

Ž .the magnetic field gradient BdBrdz , and the interfacial ve-
locity estimated by means of Eq. 16. The spatial discretiza-
tion was performed using the standard centered finite differ-

Ž .ence scheme a spaced mesh with 20 points was used . The
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resulting nonlinear model was solved using an iterative New-
ton-Raphson algorithm.

Boundary conditions
At the top of the reactor, the ‘‘inlet’’ boundary is specified.

At this boundary, the appropriate values for gas and liquid
velocities are specified based on the known volume flow rates
of both phases. The liquid holdup at the reactor inlet was
calculated assuming du rdzsdu rdzs0 and combining Eqs.g ll

21 and 22

F yF qFg ll ll s g llq q � y � gyF qF s0 23Ž . Ž .ll g Mg M ll� �g ll

At the bottom of the column, the ‘‘mass-flow boundary’’ is
specified to ensure the global mass conservation.

Results and Discussion
The two-phase flow model developed earlier is free from

adjustable arbitrary parameters. It can, therefore, be very
helpful in exploring the impact of the most important operat-
ing variables on the two-phase pressure drop and the liquid
holdup. Simulations were hence undertaken to verify whether
the magnetic field gradient, the gas density, the gas and liq-
uid velocities, and the magnetic susceptibility of the gas-liquid
system are likely to bring about variations expected from
knowledge of the porous medium behavior hosting the flow
of nonconducting gases and liquids in the presence of an ex-
ternal inhomogeneous spatially uniform magnetic field gradi-
ent. The following four gas�liquid combinations were ex-
plored: paramagnetic gas�diamagnetic liquid, paramagnetic
gas and liquid, diamagnetic gas and liquid, diamagnetic
gas�paramagnetic liquid. Diamagnetic gas and liquid systems
are typically representative for hydrogenation reactions
whereas paramagnetic gas�diamagnetic liquid systems are
rather representative for oxidation reactions. It is noteworthy
that paramagnetic liquids are less common than diamagnetic
ones. However, homogeneously catalyzed reactions within
gas-liquid systems are examples where paramagnetic liquids
could be encountered. In the following, we will focus on the
behavior of paramagnetic gas and diamagnetic liquid systems
under external inhomogeneous magnetic fields. The three
other combinations involving paramagnetic gas and liquid,
diamagnetic gas and liquid, and diamagnetic gas�para-
magnetic liquid are approached only briefly within the head-
ing ‘‘rationalization of the simulations.’’

It may be instructive to assess the relative importance of
gravity vs. magnetization for each of the liquid and gas. One
simple measure could be a gravitational amplification factor

Ž .for the phase � being liquid or gas , defined as

� gqF� M�

 s 24Ž .� � g�

In general, three cases may arise as follows for phase � :
Ž . Ž . Ž .a 
 �1 macrogravity; b 1�
 �0 subgravity; c 
 �0� � �

where the weight is counter-balanced by a larger magnetiza-
tion upward force.

Figure 2. Effect of the external magnetic field along
z -direction on two-phase pressure drop ratio
at different liquid velocities.
Air-water system; ® s 0.05mrs; d s 0.051 m; d s 0.003 m;Sg c py6 Ž .� s 0.37; E s195; E s1.75; � sy9.0�10 : a � s1.21 2 ll g

3 Ž y6. Ž . 3 Žkgrm � s 0.379�10 ; b � s 60 kgrm � s18.8�g g gy6.10 . Bed simulated length s 0.1 m.

Paramagnetic gas – diamagnetic liquid systems
When BdBrdz is negative, the magnetization force acts on

Ž .the liquid phase downwardly � �0, macrogravity: Fll M llq
Ž .and on the gas phase upwardly � �0, 
 �1: F . Con-g g Mgy

versely, when BdBrdz is positive, the magnetization force acts
Ž .on the liquid phase upwardly microgravity: F and onM lly

Ž .the gas phase downwardly macrogravity: F . In the caseMgq
simulated here, the liquid gravitational amplification factor

w x
 varied in the range 1.6 : 0.4 corresponding, respectively,ll
w x 2to BdBrdz in the range y800 : 800 T rm. Correspondingly,

the gas gravitational amplification factor 
 continuouslygg

evolved from y19 to q21.
Figures 2a and b show the effect of the external magnetic

field on the total two-phase pressure drop ratio for two gas
Ž .densities atmospheric flow and high-pressure flow and dif-

ferent superficial liquid velocities. The base pressure drop
Ž� P is calculated in the case of no magnetic field B and0

. Ž .dBrdzs0 . At high pressure Figure 2b , the gas magnetiza-
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Figure 3. Effect of the external magnetic field along
z -direction on liquid holdup ratio at different
liquid velocities.
Air-water system; ® s 0.05 mrs; d s 0.051 m; d s 0.003Sg c py6 Ž .m; � s 0.37; E s195; E s1.75; � sy9.0�10 : a � s1 2 ll g

3 Ž y6. Ž . 3 Ž1.2 kgrm � s 0.379�10 ; b � s 60 kgrm � s18.8g g gy6.�10 . Bed simulated length s 0.1 m.

Ž .tion is controlling N� N�N� N and the two-phase pres-g ll

sure drop can be modulated at will by applying a magnetic
field gradient. For positive magnetic gradients, the downward

Žgas magnetization force amplifies the effect of gravity mac-
.rogravity and two-phase pressure drop is reduced. For nega-

tive magnetic gradients, the upward gas magnetization force
Ž .reduces the effect of gravity such as sub-gravity and two-

phase pressure drop increases. This influence is very impor-
tant at lower liquid velocities when the gas holdup is higher.

Ž .This feature is relatively different at low pressure Figure 2a .
At high liquid velocities, the gas magnetization force is
damped by the liquid magnetization force when the magnetic
gradients are negative, whereas the liquid magnetization force
becomes controlling when the magnetic gradients are posi-
tive. At low liquid velocities, gas magnetization is controlling.

Figures 3a and 3b depict the effect of the external mag-
netic field in the same simulation conditions as in Figure 2,
in terms of total liquid holdup ratio at different liquid veloci-
ties and gas densities. Here, also, � is calculated in the caselo

Ž .of no magnetic field B and dBrdzs0 . Liquid holdup is a
result of a balance between the two-phase pressure drop
Ž .driving force and the resistance forces. For both low and
high gas densities, when magnetic gradients are negative, liq-
uid holdup decreases with increasing NBdBrdzN because the

Ž . Ž .driving force two-phase pressure drop increases Figure 2 .
On the contrary, when the magnetic gradients are positive,
the liquid holdup increases with increasing N BdBrdz N
because of the decrease in the driving force. On the other
hand, when the magnetic gradients are positive and liquid

Ž .magnetization force is controlling low pressure , the liquid
holdup increases with increasing NBdBrdzN despite an in-
crease of the two-phase pressure drop ratio. This is because
the resistance to the liquid flow increases strongly with in-
creasing NBdBrdzN due to liquid magnetization force.

Figures 4a and 4b reflect the effects of the external mag-
netic field on the ratios of two-phase pressure drop and liq-
uid holdup under various superficial gas velocities. At low gas

Žvelocities, the downward gas magnetization force positive
.magnetic gradients is very important and the two-phase

pressure drop is reduced significantly. On the other hand,
the negative magnetic field gradients promote an increase in
two-phase pressure drop. At low gas velocities, the liquid

Ž . Žholdup increases positive gradient rdecreases negative gra-
.dient markedly with increasing the magnetic field gradient.

Rationalization of the simulations
Table 1 summarizes the rationalization of the simulations

for the aforementioned gas-liquid combinations. It shows that
an increase of BdBrdz amplifies the effect of gravity thus re-

Žducing pressure drop exception diamagnetic gas and liquid
.systems . For negative BdBrdz, the upward liquid or gas mag-

netization forces induce subgravity conditions and an aug-
Žmentation of two-phase pressure drop exception diamag-

.netic gas and liquid systems .
For paramagnetic gas and liquid systems, liquid and gas

Ž .magnetization forces are comparable N� NfN� N at highll g
pressure. For positive magnetic gradients, the downward gas
and liquid magnetization forces promote the damping of shear
stresses at the liquid-solid and gas-liquid interfaces, and
two-phase pressure drop is reduced significantly even at low
magnetic field gradients. For negative magnetic gradients, the
upward gas and liquid magnetization forces reduce the effect
of gravity so that the two-phase pressure drop increases sig-
nificantly. These tendencies are similar at low pressure when

Ž .liquid magnetization is controlling N� N�N� N . At lowll g
pressure, the liquid holdup increasesrdecreases markedly with

� �increasing BdBrdz . The liquid holdup as a function of N
Ž .BdBrdzN decreases respectively, increases with increasing

Ž .positive respectively, negative magnetic field gradients. The
variation is very marginal at high pressure.

Usually, for diamagnetic gas-paramagnetic liquid systems, the
Ž � � � �.liquid magnetization is the controlling factor � � � .ll g

For positive BdBrdz, the downward liquid magnetization
force amplifies the effect of gravity thus reducing pressure
drop. For negative BdBrdz, the upward liquid magnetization

Ž .force induces subgravity 0�
 �1 or net upward body forcell
Ž .
 �0 conditions, and an increase of two-phase pressurell

drop. This augmentation is remarkable at lower gas densities.
At low pressure, liquid holdup increasesrdecreases markedly
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Figure 4. Effect of the external magnetic field along
z -direction on two-phase pressure drop ratio
( ) ( )a and total liquid holdup ratio b at different
gas velocities.
Air-water system; ® s 0.003 mrs; � s 60 kgrm3; d s 0.051S ll g c
m; d s 0.003 m; � s 0.37; E s195; E s1.75; � sy9.0�p 1 2 ll

y6 y6.10 ; � s18.8�10 . Bed simulated length s 0.1m.g

with increasing NBdBrdzN and the variation is very marginal
at high pressure due to the prevailing lower liquid holdups.

For diamagnetic gas and liquid systems, the liquid magneti-
Ž � .zation is controlling � N�N� N regardless of pressure.ll g

Negative BdBrdz yields a downward liquid magnetization

force that amplifies the effect of gravity and two-phase pres-
sure drop is reduced. For positive magnetic gradient, the up-
ward liquid magnetization force reduces the effect of gravity
and two-phase pressure drop increases. This latter influence
is more important at higher liquid velocities when the liquid

Žholdup is higher. It is worth noting that the increase or de-
.crease of two-phase pressure drop with increasing magnetic

field gradient is less important than in the case of paramag-
netic gasrliquid systems because the volume magnetic sus-
ceptibility of diamagnetic gases and liquids is very low. Liq-
uid holdup increasesrdecreases with increasing NBdBrdzN
and the variation is very marginal at high pressure.

Paramagnetic gas � diamagnetic liquid systems deserve partic-
ular attention. Elevated levels of magnetic field gradient im-
prove the liquid holdup and, thus, the wetting efficiency of
the catalyst particle. For liquid-reactant limited reactions
Ž .such as in oxidation reactions , both improvements con-
tribute to increase the chemical conversion of the catalytic
reaction, while, simultaneously, the two-phase pressure drop
is considerably reduced.

Conclusion
The ability to influence two-phase flow by the application

of an external inhomogeneous magnetic field is of potential
interest in the operation of trickle-bed reactors from the point
of view of catalytic process intensification. A two-fluid model
based on the volume-average mass and momentum balance
equations was developed for the prediction of two-phase
pressure drop and liquid holdup in fixed beds operating in
the trickle flow regime under the influence of an inhomoge-
neous magnetic field. The slit model approximation was used
for the derivation of drag force closures needed in the mo-
mentum conservation equations. Simulations were under-
taken to study the influence of the spatially uniform magnetic
field gradient on the two-phase pressure drop and liquid
holdup at different gas densities, gas and liquid velocities,
and for different gas-liquid systems. The liquid and gas mag-

Ž .netization forces induce subgravity 0�
 �1 , macrogravity�

Ž . Ž .
 � l , countergravity 
 �0 conditions, and a major aug-� �

mentation or reduction of two-phase pressure drop. Elevated
levels of magnetic field gradient improve or deteriorate ap-
preciably the liquid holdup, and, thus, the wetting efficiency
of the catalyst particle.

Notation
Ž . 2 3a sexternal area of the bed, a s6 1y� rd , m rms s p

Ž 2 .Bsmagnetic flux density, T Vsrm

Table 1. Rationalization of the Simulations for Potential Process Intensification Routes

Paramagnetic Gas� Paramagnetic Diamagnetic Gas� Diamagnetic
Diamagnetic Liquid Gas and Liquid Paramagnetic Liquid Gas & Liquid

�� Pr� P0 � r� � Pr� P � r� � Pr� P � r� � Pr� P � r�0 ll ll ,0 0 ll ll ,0 0 ll ll ,0 0 ll ll , 0

Ž .BdBrdz�0 p o p o o o o p p
‡Ž .BdBrdz�0 o p o p p p p o o

†F is controlling high pressure: F fF F is controlling F is controllingM g M ll M g M ll M ll
low pressure: F � FM ll M g

�Except at low pressure and high liquid velocities.
†Except at high liquid velocities and positive magnetic gradients at low pressure.
‡ � �Except high pressure when liquid holdup increasesrdecreases weakly with increasing BdBrdz .
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d scolumn diameter, mc
d seffective particle diameter, mp

E , E sErgun constants1 2
F sgas-liquid drag force, Nrm3

g ll
F sliquid-solid drag force, Nrm3

ll s
F smagnetization force in �-phase, Nrm3

M�

gsgravity acceleration, mrs2

Hsmagnetic-field strength, Arm
Pspressure, Pa
Rsconstant of ideal gas, Jrkg K
Ssslit half-wall thickness, m
Tsbed tortuosity, Ts1rcos �

u saverage interstitial velocity of �-fluid, mrs�
� ² � :u svelocity of �-fluid in the slit, u cos �su , mrs� � �

u s�-phase interfacial velocity, mrs� , i
u� s�-phase interfacial velocity in the slit, u� cos �su , mrs� , i � , i � , i
® s� phase superficial velocity, mrsS�

wsslit half-void thickness, m

Greek letters
� svolume magnetic susceptibility, dimensionless�

�sliquid film thickness, m
�sbed void fraction

� s� phase holdup�

� s� phase gravitational amplification factor�

� sabsolute magnetic permeability of vacuum, Hrm0
� s� phase dynamic viscosity, kgrm � s�

e Ž� s� phase effective viscosity combination of bulk and shear�
.terms , kgrm � s

�sslit inclination, cos �s 72rE' 1
� sdensity of � phase, kgrm3

�

	 ssurface tension, Nrm

 s�-phase interfacial shear stress, Pai�

� sgas-liquid interaction parameterg ll

Subscripts
gsgas phase
isgas-liquid interface
ll sliquid phase
sssolid phase
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