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A method is proposed to generate Earth-bound artificial microgravity in a controlled
facility capable of emulating lunar/Martian gravity or microgravity for experiments on
passive/reactive catalytic multiphase flows. Its applicability was illustrated for trickle
beds where flowing gas and liquid experience artificial microgravity inside the bore of
a superconducting magnet generating large gradient magnetic fields to compensate for
gravity. Artificial gravity is realized by commuting into apparent gravity acceleration
the magnetization force at work on common ‘‘chemical engineering’’ non-magnetic flu-
ids. The scaling property to be matched and maintained invariant in multiphase sys-
tems to achieve magnetic mimicry is phasic mass magnetic susceptibility. Hydrody-
namic (liquid holdup, wetting efficiency, pressure drop) as well as catalytic reaction
(conversion and selectivity) measurements were obtained. The main finding is a proof
that magnetic fields affect reactor outcomes exclusively via hydrodynamic phenomena
making them appealing proxies for emulating non-terrene reactor applications. VVC 2009
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Introduction

Studies of flow/transport/reaction phenomena in hypograv-
ity/microgravity [in short l-gravity] for space applications
are of particular significance for life support systems, e.g.,
Advanced Life Support,1–6 Low Earth Orbit,7 In-situ
Resource Utilization8,9 and Human Exploration & Develop-
ment Space5 programs. Of equal importance is the study in
l-gravity of multiphase reactors to understand their behavior
in non-terrene conditions in support of long-duration human
missions in space.10,11 For instance, water recovery systems
based on packed-bed bioreactors to remove carbon and to
convert ammonia to nitrite and nitrate from spacecraft gray
wastewater were in the line of sight of NASA’s Advanced
Life Support Project Plan.3,4 Lack of accessibility, and cost

and complexity constraints for implementing testing plat-
forms and protocols are obvious limitations why l-gravity
data on multiphase reactors remain very scarce. Despite life
support research attempts to establish reliable and predictive
models that can be used as a basis for design of life support
hardware for microgravity applications, e.g., lunar (0.165g)
and Martian gravity (0.38g),3 a major obstacle in developing
adapted multiphase reactor concepts for life support in l-
gravity is an insufficient knowledge concerning the interrela-
tions, once in space, between fluid flows, fluid/fluid interac-
tions and chemical/catalytic reactions.

Following the work by Beaugnon and Tournier12 on mag-
netic levitation, strong inhomogeneous magnetic fields gener-
ated in superconducting magnets have been used to emulate
a variety of phenomena in l-gravity conditions.13–16 It was
established that strong inhomogeneous magnetic fields allow
(non-magnetic) diamagnetic materials to be levitated by
counterbalancing their weight. By extension, the ability to
influence the behaviors of non-magnetic fluids in multiphase
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reactors by magnetic field emulation represents a scientific
challenge as it could provide an additional tool for earth-
bound research on l-gravity. For example, operating multi-
phase reactors in a magnetically-emulated artificial gravity
environment to monitor the course of catalytic reactions in it
would be far much simpler than to resort to the currently
available tools for microgravity generation. As a matter of
fact, magnetic field emulation of artificial gravity could be
sustained for days without interruption by means of super-
conducting magnets. This is unlike in the traditional para-
bolic aircraft flight campaigns which, apart from being not
easily accessible, do not permit tests to lapse more than
about 0.5 min in a series of consecutive dives. This could
represent an inherent limitation for processes with longer
characteristic times such as slow catalytic reactions or vessel
residence times in excess of the duration of the l-gravity
operating window. Also, magnetically-assisted l-gravity on
Earth is far much cheaper to achieve as compared to that
using l-gravity carriers such as manned or automated orbital
platforms.1 This would open up new research opportunities
for multiphase reactors using magnetically assisted methods
to achieve Mars, Moon, or microgravity processing rates on
Earth. It seems none has attempted yet multiphase reactor
experiments with catalytic reactions using strong gradient-
magnetic fields for emulating l-gravity.17

In chemical flow processes, fluids are of chief importance
while very often they exhibit non-magnetic behavior as
assessed from their considerably low volumetric magnetic
susceptibility values, typically in the range � [10�6:10�7].
Flows of such non-magnetic fluids might eventually be mag-
netically stimulated provided strong gradient-magnetic fields,
such as those produced in superconducting magnets, are
used. A strong inhomogeneous magnetic field acting on a
fluid phase a gives rise to the so-called Kelvin magnetic
force density,18 FMa ¼ va/((1 þ va)

2l0) B � B � va/l0
B � B, which is a body force density and in that sense is

analogous to the gravity body force density, qa g. Gravita-
tional and magnetic forces represent the effects of long-range
(or action-at-a-distance) forces and are applied on every mol-
ecule of the material content of the volume element. This is
unlike the surface forces which are direct-contact or push-
pull-shear forces and which are exerted on the elements’ sur-
face by the contiguous surroundings.18,19 Hence, in essence,
the main role of the Kelvin magnetic force compared to
gravity force is to allow a directional control for mimicking
non-terrestrial l-gravity conditions by artificially compensat-
ing the body’s weight even to eventually reach a state of
weightlessness. This technique has been used to levitate a
range of compounds and organisms in ground-based experi-
ments.12,20–23 It is worthy of notice that the Kelvin force
acts upon electrically non-conducting non-magnetic fluids as
commonly encountered in chemical engineering. It should
not be confused with the Lorentz magnetohydrodynamic
force, FLa ¼ ra(E þ va^B)^B, which concerns electrically
conducting fluids such as liquid metals, strong electrolytic
solutions and plasmas,24 that experience magnetic (but not
necessarily inhomogeneous) fields.

Application of Kelvin forces to multiphase catalytic reac-
tors is still poorly explored in the literature. In this work, we
propose the use of a controlled laboratory facility capable of
providing simulated lunar/Martian or microgravity environ-

ments for experiments on passive/reactive multiphase flows.
We will illustrate its application in the case of a miniature
trickle-bed reactor which consists of gas-liquid co-current
flows through a fixed bed of inert as well as catalytic par-
ticles. The gas and liquid flows could feel l-gravity in the
trickle bed placed inside the atmospheric bore of a supercon-
ducting magnet generating large magnetic field strengths and
magnetic field gradients to compensate for gravity.

Experimental Setup

Magnet setup

Figure 1a illustrates the experimental setup used to gener-
ate an inhomogeneous two-dimensional axisymmetrical (By

¼ 0, qBy/q h ¼ 0, q h /qy ¼ 0) magnetic induction field
B ¼ (Br 0 Bz) up to 9 Tesla in a superconducting NbTi sole-
noid magnet system (American Magnetics) placed in upright
position. To reach the superconducting state, the solenoid
temperature is maintained at 4.2 K by immersing it in a (liq-
uid) LHe-containing compartment, itself confined in LN2 and
high-vacuum insulation compartments inside a Dewar vessel.
The vertically-oriented magnetic field is generated and con-
trolled by changing the current density through the magnetic
coil. This is allowed by means of a computerized control
system capable of generating, along the bore centerline, max-
imum (and minimum) peak product gradients BzqBz/qz of
MPPGA ¼ þ650 T2/m and MPPGA, ¼ �650 T2/m, respec-
tively, at points A and A0. These points are situated 12.5 cm
apart from each other (Figure 1b). The accessible cylindrical
enclosure inside the atmospheric bore of the magnet is 2.5
cm in diameter and 30 cm in length. However, between
points A and A0 lies a region, about 40% of the magnet
length, where BzqBz/qz nears zero (Figure 1b) hence disqual-
ifying this area for l-gravity tests.

Trickle bed setup

A miniature trickle-bed reactor (L ¼ 4 cm in length, D ¼
1.6-cm internal diameter), equipped with non-magnetic inlet
and outlet valves, is positioned vertically and adjusted along
the symmetry axis inside the atmospheric bore to allow two-
phase flow hydrodynamics, mass transfer and reaction tests
to be conducted. The region of interest (ROI) in which the
trickle bed is placed extends radially between 0 and 0.8 cm
and axially between z ¼ þ (respectively, –)10 cm and z ¼
þ (respectively, �)14 cm around A (respectively, A0). The
trickle bed is slid in the bore until MPPGA (or MPPGA0)
coincides with the center of the bed middle plane (Figure
1a). Typically, 1-mm diameter inert glass beads sandwiching
a 10 mm layer of 16–20 mesh (about 0.91 mm) catalytic
particles constitute the fixed-bed inventory for conducting
catalytic hydrogenation of liquid-dissolved reactants in the
recycle-mode with respect to liquid phase. Thinner catalyst
beds would have, on the one hand, necessitated excessively
long reaction times before acceptable conversions could
have been attained. Due to the non-linear space dependence
of the BzqBz/qz function (Figure 1b), taller beds, on the other
hand, would have precluded delineating a region in the mag-
net bore where nearly constant apparent gravity force could
have been assumed. Therefore, the catalyst bed thickness
represented a compromise between the finite evaporation
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time of LHe in the Dewar, the degree of spatial homogeneity
of l-gravity and the measurements of meaningful liquid
reactant conversions. The magnetic field intensity inside and
outside of the bore was measured using a Hall effect Gauß-
meter (GM-700, Cryogenics). The magnetic susceptibilities
of the liquid solutions involved in the experiments were
determined using a MicroMagTM 2900 alternating gradient
magnetometer (Princeton Measurements Corporation).

Catalytic reactions and analytical procedures

The first test reaction chosen for this study was hydrogen-
ation of a-methylstyrene (aMS) to cumene:

This reaction has been studied extensively by a number of
investigators,25–29 and is known to proceed with a noticeable
rate even at ambient temperature and hydrogen pressure. It
is frequently used to decipher mass transfer limitations with
regard to catalyst wetting efficiency in three-phase catalytic
reactors. As wetting efficiency in partially wetted trickle
flow regime is related to conversion, in particular in liquid-
reactant limited regime, analysis of the catalytic reaction
outcome under magnetic field will be insightful. In the litera-
ture, it is often admitted that hydrogenation of aMS is zer-
oth-order with respect to aMS and a first-order with respect

to H2.
25 The boiling points of aMS (164�C), cumene

(152�C) and styrene (internal standard, 146�C) are all rela-
tively high and the reaction mixture is easily analyzed using
standard gas chromatography.

Reagent grade (99% purity) a-methylstyrene (Sigma-
Aldrich) containing 15 ppm of t-butylcatechol as polymer-
ization inhibitor was dissolved in kerosene solvent. The po-
lymerization inhibitor was eliminated by contacting aMS
with c-alumina for several hours. It was found that the water
traces strongly decrease the reaction rate.29 To avoid that the
solution was passed through a 10A molecular sieve to reduce
as much as possible the amount of water. The catalyst, 1
%wt Pd/ polyethyleneimine/silica (Royer Palladium catalyst)
purchased from GFS Chemicals, was activated before reac-
tion under H2 stream for 4 h at 40�C. A volume of 50 mL
0.16 M aMS/kerosene solution was loaded in a liquid reser-
voir and recirculated long enough at high throughput using a
peristaltic pump to ensure pre-wetting of the catalyst. The
reaction was initiated by flowing H2 through the reactor at
prescribed flow rates. Samples were taken from the liquid
phase at regular intervals and analyzed on a Hewlett-Packard
5890 Series II gas chromatograph using a 30 m � 32 mm �
25 lm model DB-5MS packed column. Peak areas of the
compound of interest were normalized relative to styrene (in-
ternal standard) and converted to concentration via calibra-
tion curves generated experimentally following the internal
standard technique.

The second reaction system selected for the experiment
was the catalytic hydrogenation of phenylacetylene (Reagent
grade, 99% purity from Sigma-Aldrich). The experiment
involves hydrogenation of phenylacetylene (PA) to styrene
(S) and ethylbenzene (EB) over Pt 1% on polyethylene-
imine/SiO2 (purchased from Alpha Aesar). A volume of 50
mL 0.15 M PA/kerosene/n-decane solution was introduced

Figure 1. Superconducting 9 T magnet setup with trickle bed inside atmospheric magnet bore (a) and centerline
(r 5 0) axial distributions of magnetic field, Bz, and magnetic induction 3 magnetic induction gradient,
Bz�Bz/�z, at 9 T (b).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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to the liquid reservoir. The reaction scheme consists of two
consecutive steps in parallel with a single step directly to the
final hydrogenation product:

This triangular reaction scheme presents a simple selectiv-
ity tool that will allow to probe the effects of magnetically-
emulated l-gravity owing to the relatively soft operating
conditions in which it can be conducted.30–34 The boiling
points for PA (144�C), S, EB (136�C) and n-decane (as in-
ternal standard) are all reasonably high, and the reaction
mixture is analyzed using gas chromatography. It was not
possible to use the same internal standard as before (sty-
rene), because styrene is one of the reaction products. The
rest of the experimental procedure is similar to that with
aMS.

Liquid holdup, pressure gradient, and
wetting efficiency determinations

Liquid holdup was determined by the weighing method
with the reactor filled with 1-mm diameter glass beads (bed
porosity ¼ 0.37). The reactor was placed inside the coil bore
and experiments were run at different fluid velocities and
magnetic field levels. The liquid phase was first passed
through the reactor for a period of time at high velocity to
achieve fully pre-wetted bed. Subsequently, the liquid veloc-
ity was set at the desired value and the gas phase was fed to
the reactor via a pressure regulator. As soon as steady state
was attained, both inlet and outlet valves were closed instan-
taneously. The reactor was weighed and the external liquid
holdup was estimated from the weight difference between
wet and dry reactor volume. A differential pressure trans-
ducer (C 9551, Comark) was used to measure simultaneously
the two-pressure drop across the bed. The experiments were
carried out both in down-flow and in upflow modes.

Wetting efficiency experiments were performed on the
same bed using a colorimetric method inspired from the
work of Lazzaroni et al.35 The glass beads were colored
before the experiment with a crystal violet solution of known
concentration. The miniature reactor with the colored beads
inside was inserted into the solenoid bore. Depending on liq-
uid and gas flow throughputs, the particles color was more
or less washed out by the sweeping liquid. The solution
transmittance was measured at each liquid flow rate change
using a spectrophotometer (Spectronic 20, Milton Roy Com-
pany) after steady-state solution transmittance was attained
depending on imposed flow rates. The final concentration
when no more color was left on glass beads was considered
as 100% when the glass beads were fully washed and wet-
ting was total. The wetting efficiency was calculated as the
ratio between the intermediate and final concentrations in the
liquid phase for both enabled and disabled magnetic field
modalities.

How to Achieve Magnetic Mimicry of
l-Gravity in Trickle Bed?

To assess the relative importance of gravity vs. magnetic
forces, a gravitational amplification factor, ca, for any a-
phase of the two-phase flow is defined whereby FMa can be
commuted into apparent gravity acceleration. As shall be
later discussed, assuming the main direction of magnetic-
field gradient parallel to the gravitational field, one can
define ca as:

ca ¼
qagþ FMa

qag
¼ 1þ va

qagl0
Bz

@Bz

@z
(1)

In Eq. 1, Bz ¼ vertical component of the magnetic flux
density, FMa ¼ vertical component of the magnetic force
density in a-phase, g ¼ Earth gravity acceleration, va ¼ a-
phase volumetric magnetic susceptibility, l0 ¼ absolute
magnetic permeability of vacuum, qa ¼ a-phase density, and
va/qa ¼ v̂a ¼ a-phase mass magnetic susceptibility.

Depending on the signs of va (va [ 0 for paramagnetic
and va \ 0 for diamagnetic) and of the gradient of magnetic
flux density, four cases arise for the a-phase: (a) ca [ 1
macrogravity (or hypergravity); (b) 0 \ ca \ 1 microgravity
or hypogravity; (c) ca ¼ 0 levitation; (d) ca \ 0 if the mag-
netic force, oriented anti-parallel to the weight, outweighs
this latter.

Two conditions must be met to accomplish magnetic mim-
icry of l-gravity in both gas and liquid:

[C1] Eq. 1 indicates that for cl and cg to be equal, it suffi-
ces to fulfill mass susceptibility matching between the gas
(g) and liquid (l) phases such that:

v̂g � v̂l ) cg � cl (2)

As it appears from Eq. 2, the feasible combinations for
achieving identical l-gravity ‘‘feelings’’ for gas-liquid flows
are: paramagnetic gas–paramagnetic liquid or diamagnetic
gas–diamagnetic liquid.

[C
2
] There has to be a finite (and continuous) domain V

within the ROI for which:

cg
��
V�ROI

� cl
��
V�ROI

� constant (3)

Equation 3 signifies that cl and cg must also take a com-
mon constant value over a finite volume V so that nearly the
same apparent gravity would be felt by both fluids. This vol-
ume shall not be too slim to compromise experimental feasi-
bility as explained in the Experimental Setup section earlier.

l-Gravity using paramagnetic gas and liquid

Air-water solutions concern the first case. The value of
(paramagnetic) air mass magnetic susceptibility at ambient
temperature and atmospheric pressure is 3.15�10�7 m3/kg.36

A straightforward way for turning (diamagnetic) water into a
paramagnetic solution is through dissolving salts of paramag-
netic metal cations, an example of which could be divalent
manganese chloride. The salt concentration set to achieve a
mass magnetic susceptibility of the aqueous solution equal,
at ambient temperature and atmospheric pressure, to that of
air was 34.5% w/w of MnCl2 tetra-hydrate. The measured
density and kinematic viscosity of this solution were,
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respectively, 1346 kg/m3 and 2.23�10�6�m2/s. This makes
this system relatively far from the academic air/water test
system to refrain from drawing analogies between the two
systems in artificial gravity conditions.

The per-phase magnetic forces, generated by the magnet,
act on air and on the salt solution in a collinear manner. The
vertical axis being oriented downwards (Figure 1a), they
point upwardly (respectively, downwardly) when BzqBz/qz\
0 (respectively, [ 0), i.e., subtractive (respectively, additive)
with respect to the per-phase gravity forces to cause l-grav-
ity (respectively, macrogravity). By applying a maximum
magnetic field strength of 0.36 T, BzqBz/qz is set to span the
interval [�26.3:26.3 T2/m] over the enclosure length of the
magnet. The corresponding cl and cg span the range
[0.32:1.67] while [C1] is satisfied as Figure 2a shows from
their evolution along the bore centerline.

The center of mass of the trickle bed coincides with
MPPGA0 ¼ �26.33 T2/m. This results in bed-averaged ampli-
fication factors of, respectively, 0.417 for air and 0.420 for
the salt solution. These l-gravity conditions are close to
those encountered on Mars planet and correspond to mag-
netic body force densities of FMl ¼ �8875 N/m3 for the
manganese chloride solution and FMg ¼ �8 N/m3 for air.
Note that the solution electrical conductivity, estimated to be
about 40 X�1�m�1,37 gives rise to Lorentz force densities
varying over the reactor bed length, L, between 1.2�10�3 and
5.7�10�3 N/m3. As can be seen, the influence of the Lorentz
force densities can safely be ignored with respect to the Kel-
vin magnetic force densities in action.

l-Gravity using diamagnetic gas and liquid

The second selected gas-liquid system consists of combi-
nation of diamagnetic gas and liquid which must also fulfill
[C

1
]. Such systems are representative of catalytic hydrogena-

tion reactions involving dissolved reactants in organic
liquids. Catalytic hydrogenations of a-methylstyrene (aMS)
or phenylacetylene (PA) were selected as model reactions
for the experimental tests. Pure hydrogen is diamagnetic and
has a mass magnetic susceptibility of �2.52�10�8 m3/kg at

20�C and atmospheric pressure. The measured mass mag-
netic susceptibility of pure aMS value is �8.50�10�9 m3/kg.
Therefore, aMS was mixed with several solvents in an
attempt to select solutions achieving v̂g � v̂l � �2.52�10�8

m3/kg. Kerosene, whose measured mass magnetic suscepti-
bility is �2.56�10�8 m3/kg, was found to be an appropriate
hosting liquid. Figure 2b illustrates the centerline cl and cg
profiles along the magnet bore determined for 0.16 M aMS/
kerosene (ql ¼ 802.6 kg/m3) and pure gaseous hydrogen
phases. For a 6.76 T maximum magnetic field strength, the
product BzqBz/qz varies over the open bore length in the
range [�488.6:488.6 T2/m]. This yields gas and liquid gravi-
tational amplification factors, cl and cg, to evolve in the
range [0.001:1.99] while satisfying [C1]. By sliding the
trickle bed to adjust its middle plane on MPPGA ¼ þ 488.6
T2/m, the gas and liquid phases would feel cl � cg � 10�3

at the elevation zA (Figure 2b). A similar methodology was
followed in the case of the 0.15 M PA/kerosene/H2 system.

Factors Affecting the Degree of
Homogeneity of l-Gravity

The influence of strong magnetic fields just described
above could hide unsuspected phenomena, related to the na-
ture of multiphase systems, other than the hydrodynamic
force effects highlighted by Eq. 1. It is hence important to
understand how v̂a and B can modify ca inside the catalyst
bed domain. This is tantamount to identify the various fac-
tors, and then to quantify their incidence, to judge of their
extent at demising the validity of the concept of magnetic
mimicry of l-gravity in multiphase systems. Trickle beds
involve several physicochemical factors associated with two-
phase flows and catalytic reactions, such as thermodynamic
equilibria (gas dissolution, solvent evaporation), mass trans-
fer (concentration gradients across interfaces), conversion
(species production/consumption) and heat effects (tempera-
ture gradients). Therefore, in addition to restrictions inherent,
as shown above, to the spatial non-homogeneity of B itself,
all these factors may also influence or be influenced, whether
directly or indirectly, by the imposed magnetic field. In

Figure 2. Centerline (r 5 0) gravitational amplification factor for (a) air/MnCl2 34.5% (w/w) : maximum Bz 5 0.36 T,
MPPGA0 5 226.3 T2/m (b) H2/aMS 0.16 M 1 kerosene : maximum Bz 5 6.76 T, MPPGA 5 488.6 T2/m.
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return, this may translate in uncontrollable variations of the
mass magnetic susceptibilities of gas and liquid during their
journey inside the reactor which could result in violation of
[C1] and/or [C2].

Axial vs. radial/azimuthal kelvin magnetic
force components

Due to the solenoidal nature of magnetic fields, an inho-
mogeneous magnetic field along z axis implies, similarly to
Bz (Figure 1), a space-dependent Br which, in axisymmetri-
cal fields, could also contribute to the vertical body force
effect via the term BrqBr/qz. Stricto sensu, therefore, the ver-
tical component of the magnetic force, FMa,z, and the gravi-
tational amplification factor, ca,zr, should write, respectively,
as:

FaM;z ¼ va
l0

Bz

@Bz

@z
þ Br

@Br

@z

� �
(4)

ca;zr ¼ 1þ va
qagl0

Bz

@Bz

@z
þ Br

@Br

@z

� �
(5)

Exemplified in the case of 0.16 M aMSþkerosene/H2 sys-
tem, Figure 3a confirms that the truncated form Eq. 1 still
approximates very well the values of ca given that the rela-
tive residuals with respect to Eq. 5 seldom exceed 0.5%.

Furthermore, to mimic as closely as possible l-gravity,
the magnetic azimuthal and radial force components must
remain marginal with respect to their axial component
counterpart:

FaM;r

�� �� ¼ va
l0

Bz

@Bz

@r
þ Br

@Br

@r

� �����
����� FaM;z

�� �� (6)

FaM;h ¼ 0 (7)

Figure 3b confirms for the same system that the radial
magnetic force component computed according to Eq. 6
never exceeds 1.2% of its axial counterpart (Eq. 4) within
the trickle bed ROI. This confirms that except the direction
of net fluid flow, the magnetic body force effects in the ra-
dial and azimuthal (Eq. 7) directions can be safely neglected.

Similar conclusions can be drawn also in the case of the
paramagnetic system. Henceforth, only the effects of the ver-
tical component of the magnetic flux density will be
accounted for.

Effect of spatial distribution of magnetic field

Referring to [C2] above and as illustrated in Figure 1b, it
must be emphasized that due to constraints in solenoid
design BzqBz/qz can be assumed roughly constant only over
restricted volumes in the magnet enclosure. For symmetry
reasons, such volumes where l-gravity prevails are centered
on MPPGA0 for paramagnetic (Figure 2a) or MPPGA for dia-
magnetic systems (Figure 2b). Therefore, it is important to
establish the domain size of V ( ROI wherein Eq. 3 can be
accepted as a valid approximation.

To evaluate the extent of radial homogeneity of ca, the
discrepancy between ca(r ¼ 0,z) and a sliding average cR(z),
Eq. 8, was computed. The sliding average was expanded cir-
cumferentially outwards as a function of the interval length
(or radius) R until the bed wall R ¼ D/2 was reached:

cRðzÞ ¼
1

pR2

ZR
0

2prcaðr; zÞdr R ¼ 0…D=2 (8)

Similarly, the extent of axial homogeneity of ca was
assessed by comparing the centerline artificial gravity factor
values ca(0,zA) at MPPGA (or MPPGA0) with respect to the
sliding volume-average cZ expanding axially around zA with
interval lengths Z until � Z ¼ � L/2 :

cz ¼
1

2Z

4

pD2

Zþz

�z

ZD=2
0

2prcaðr; zÞdrdz Z ¼ 0… L=2 (9)

Figure 4a, exemplifying the 0.16 M aMS þ kerosene/H2

system, shows the degree of radial homogeneity, expressed
as residuals of |ca(0,z) � cR(z) |/ca(0,z) for three axial cuts
in the trickle bed ROI: entrance (z ¼ 100 mm), near point A
(z ¼ 125 mm) and exit (z ¼ 140 mm). At MPPGA cg � cl �
10�3. The local ca values do not change significantly as
revealed by the relative differences, typically less than 1%
irrespective of z position, between centerline ca(0,z) and

Figure 3. Mapping of (a) relative residuals of cl or cg computed as Eq.1 and as ca,zr 5 11va/qagl0 (BzqBz/qz 1 BrqBr/
qz) (b) radial-to-axial ratio of magnetic force components.

H2/aMS 0.16 M þ kerosene in the trickle bed ROI: maximum Bz ¼ 8.25 T.
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averaged cR(z). Hence, radial homogeneity of the gravita-
tional amplification factor is virtually verified everywhere
within ROI. Assigning peak ca ¼ 10�2 and 10�1 at MPPGA

(not shown) led to radial homogeneity within 10%.
Similarly, Figure 4b shows the degree of axial homogene-

ity, expressed as |ca(0,zA) � cZ|/ca(0,zA) for successive peak
values ca ¼ 10�3, 10�2, and 10�1. It can be seen that the
approximation of homogeneity in axial direction is more
stringent and is achievable only within increasingly slimmer
volumes as lower peak ca values are to be imposed. Hence,
gas and liquid flows across 10 mm catalyst height would
feel homogeneous l-gravity environments within 20%
around ca ¼ 10�1 and 50% around ca ¼ 10�2. Similar con-
clusions are drawn also in the case of the paramagnetic sys-
tem. It appears difficult to achieve acceptable l-gravity con-
ditions below 10�2 for 10-mm catalyst slice. For instance, a
catalyst layer as thin as 0.5 mm would have been required to
attain ca ¼ 10�3 within 50% error which was not feasible
considering our study’s constraints as explained earlier.

Effect of gas solubility, solvent evaporation, and
diffusion: H2-kerosene system

The thermodynamics of mixtures subject to magnetic
fields can differ from the one in conventional magnetic field-
free conditions.38 As an illustration, the incidence of mag-
netic fields on gas dissolution and solvent evaporation is an-
alyzed for the binary system H2 (1)–n-C14 (2) at 1 atm and
298 K in which normal tetradecane was used as kerosene
proxy. Thermodynamic equilibrium under magnetic fields
requires equality for species one and two of their respective
magneto-chemical fugacities38 in gas and liquid:

f li ðT;P; xÞ exp�
B2

2l0RT
�mliv

l
i þ vljxj

@�mlj
@xi

þ vlixi
@�mli
@xi

 !

¼ f gi ðT;P; yÞ exp�
B2

2l0RT
�mgi v

g
i þ vgj yj

@�mgj
@yi

þ vgi yi
@�mgi
@yi

 !

ð10Þ

In which fli(T,P,x) and fgi (T,P,y) are, respectively, the i-
species liquid and gas fugacities at equilibrium T and P
without magnetic field. Similarly, vli;j and vgi;j, and mli;j and mgi;j
are, respectively, the i- and j-species liquid and gas volumet-
ric susceptibilities and partial molar volumes. The exponen-
tial term, referred to as a Poynting magnetic correction,
accounts for inflating (respectively, deflating) the fugacity of
diamagnetic (respectively, paramagnetic) species under a
magnetic field. The estimation methods used to evaluate the
volumetric magnetic susceptibilities in gas and liquid state
of H2 and hydrocarbon, and their corresponding partial molar
volumes are described in Appendix A.

The derivative terms @�mli;j/qxi in Eq. 10 are omitted assum-
ing that H2 remains, as in the case of B ¼ 0, sparingly solu-
ble in the liquid at ambient conditions. Deviations of hydro-
gen and hydrocarbon equilibrium mole fractions in gas (y1,
y2) and liquid (x1, x2) under magnetic field with respect to
their equilibrium composition alter ego without magnetic
field (yo1,y

o
2) and (xo1,x

o
2) can be estimated using the magneti-

cally-modified versions of Raoult’s and Henry’s laws for
hydrocarbon and H2, respectively, as well as the ideal gas
law:

x1KH exp�B2�ml1v
l
1

2l0RT
¼ y1P exp�B2vg1

2P
(11)

x2P
m
2 exp�

B2�ml2v
l
2

2l0RT
¼ y2P exp�B2vg2

2P
(12)

x1 þ x2 ¼ 1 (13)

y1 þ y2 ¼ 1 (14)

The base case can be retrieved by disabling the magnetic
field in Eqs. 11–14 to estimate (yo1,y

o
2) and (xo1,x

o
2).

42 Figure 5
illustrates the relative deviations, with respect to B ¼ 0 case,
in mole fractions of dissolved H2 in liquid hydrocarbon and
of hydrocarbon saturated vapor as a function of applied mag-
netic field. Clearly, though increasing magnetic induction
levels has a tendency to imperceptibly drive up hydrocarbon

Figure 4. Homogeneity of gravitational amplification factor as a function of interval length for aMS/kerosene-H2

system.

(a) radially at z ¼ 100, 125, and 140 mm, MPPGA ¼ 488.6 T2/m, maximum Bz ¼ 6.76 T, peak ca ¼ 10�3 (b) axially along bore center-
line : peak ca ¼ 10�3 (MPPGA ¼ 488.6 T2/m, maximum Bz ¼ 6.76 T), peak ca ¼ 10�2 (MPPGA ¼ 485 T2/m, maximum Bz ¼ 6.72 T),
and peak ca ¼ 10�1 (MPPGA ¼ 440 T2/m, maximum Bz ¼ 6.1 T).
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evaporation and hydrogen dissolution as well, it can be con-
cluded that the thermodynamic equilibrium is barely influ-
enced by magnetic induction levels up to about 10 T. Classi-
cal Raoult’s and Henry’s laws are sufficient for quantifying
these equilibria.

As a matter of fact, during the mass transfer process of
kerosene vaporizing and hydrogen dissolving, concentration
gradients establish back and forth across the interface before
equilibrium is attained. Hence a further worth-assessing
question is in what extent the magnetic field strength could
afflict the species mass transfer fluxes? To describe diffusion
subject to magnetic fields use is made of the generalized
driving force and magneto-chemical potentials to express the
mole flux43:

Ji ¼ �DiCi

RT

d�li
dz

(15)

where Ji, Di and Ci are, respectively, the i-species total mole
flux, diffusion coefficient and concentration, and li is the
magneto-chemical potential. This latter could be expressed in
terms of the component fugacity defined above. For instance
in the liquid phase assuming isothermal diffusion, and after
replacing magnetic-field free fugacity, fli(T,P,x), with hydro-
gen concentration, Co

1, corresponding to B ¼ 0 case, one can
rewrite Eq. 15 as follows:

J1 ¼ �D1C1

d lnCo
1

dz
� �mllv

l
1

l0RT
BðzÞ dBðzÞ

dz

� �
(16)

When B ¼ 0, Eq. 16 simplifies to:

Jo1 ¼ �D1C
o
1

d lnCo
1

dz
(17)

We define the flux deviation due to the magnetic field by
combining Eqs. 16 and 17:

J1 � J01
J01

¼ C1

C0
1

1� �ml1v
l
1

l0RT
BðzÞ dBðzÞ

dz

dz

d ln C0
1

� �
� 1 (18)

A hydrogen mass balance equation can be solved in the
liquid diffusional film using H2 interfacial concentration
given by Eqs. 11–14. Figure 5 illustrates the H2 flux devia-
tions as a function of magnetic field level using Eq. 18. De-
spite we have assumed unrealistically high negative gradient
magnetic field of 630 T2/m across the diffusional film,
hydrogen flux changes were virtually indifferent to the
applied magnetic. Similar conclusions can be arrived at in
the case of kerosene in the gas phase.

The above calculations indicate that the thermodynamics
and mass transport as if the magnetic field were absent are
still very good approximations.

Though the vapor pressure of kerosene in the gaseous
phase is about 131 Pa in ambient conditions, it nevertheless
contributes for a kerosene mass fraction of about 10% when
H2 matches up to 1 atm. Therefore, small discrepancies in
mass magnetic susceptibilities implied by kerosene evapora-
tion may noticeably alter the values of cg (estimated via Eq.
1) especially when the most severe l-gravity conditions are
approached. Similarly, typical saturated mole fraction of dis-
solved hydrogen in kerosene amounts to 0.031%. This is tan-
tamount to 3.6 ppm of hydrogen mass fraction and would
affect at the worst the sixth digit of liquid kerosene mass
magnetic susceptibility. Unlike the gas phase, compositional
changes of mass magnetic susceptibility due to H2 dissolu-
tion in the liquid phase can safely be ignored.

In the next development, gaseous hydrogen will be consid-
ered as being mixed with kerosene vapor by assuming first
saturated vapor and then kerosene evaporation proceeding at
a finite rate along the trickle bed. A mixture mass magnetic
susceptibility is estimated and the gas-side gravitational
amplification factor, cg, is evaluated and compared with the
gravitational amplification factor, cH2, for an uncontaminated
hydrogen gaseous stream.

The mixture mass magnetic susceptibility, v̂g, is barycen-
tric in the mass fraction scale of the mass magnetic suscepti-
bilities of its constituents44,45:

v̂g ¼ w1v̂
g
1 þ w2v̂

g
2 (19)

In Eq. 19, w1 and w2 are the hydrogen and kerosene mass
fractions in the gas phase.

Figure 6 shows the centerline axial profiles inside the
magnet bore of the relative deviations between cH2 (unconta-
minated hydrogen stream) and cg for a kerosene-saturated
hydrogen gas (Figure 6a) as well as for a mass-transfer con-
trolled kerosene evaporation (Figure 6b). In the latter case,
plug flow in the gas phase was assumed and where the volu-
metric gas-side mass transfer coefficient, kga, could be
approximated using literature correlations.46–49 It was esti-
mated that kga evolves in the range (0.52�1.45) s�1 for the

Figure 5. Influence of applied magnetic field on H2/ker-
osene VLE and enhanced hydrogen diffusion
flux at T 5 298 K and P 51 atm assessed in
terms of deviations with respect to B 5 0
case of H2 solubility in liquid kerosene, kero-
sene saturated vapor pressure in gaseous
hydrogen, and hydrogen diffusion in kerosene
liquid film.

In the case of flux calculations a linear gradient magnetic
field is assumed.
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experimental liquid and gas superficial velocities covered in
the present study. The results in Figure 6b correspond to ul
¼ 0.9 mm/s and ug ¼ 3.7 cm/s for which kga takes the lower
limit value, i.e., 0.52 s�1. This lower limit together with the
saturated kerosene gas phase would set, respectively, the
minimum and maximum errors on neglecting solvent evapo-
ration if the magnetic field level is set based on the mass
magnetic susceptibility of uncontaminated H2 gas phase.

The gravitational amplification factors are computed using
Eq. 1 for peak gradients of 440 T2/m whereby cH2 ¼ 10�1,
485 T2/m whereby cH2 ¼ 10�2, 488.6 T2/m whereby cH2 ¼
10�3, and 489.4 T2/m whereby cH2 ¼ 10�4. It is in the
neighborhood of MPPGA (or MPPGA0) that the deviations
would inflate the most due to their lower c values. As sum-
marized in Table 1, had solvent evaporation been neglected
it would have inflicted errors on peak c at MPPGA, on the c
values averaged over the 1 cm high catalyst layer and on the
c values averaged over the total bed height of 4 cm. Table 1
indicates, especially at deeper microgravity levels (i.e., c ¼
10�3, 10�4) where very high deviations occur, that gas must
be preventively pre-saturated with solvent vapor prior to
applying condition [C1]. However, down to c ¼ 10�2, ignor-
ing corrections about kerosene evaporation and kerosene
mass susceptibility remains tolerable. For instance, the errors
around c ¼ 10�2 over the 1-cm high catalyst layer would
have been bracketed between 4.5 and 16.2% at 485 T2/m
(Table 1).

Temperature and conversion effects of catalytic reaction

Until now we were concerned with magnetic field effects
in passive systems without reaction taking place in the cata-
lyst bed. Let us now analyze how catalytic reactions going
on in the reactor would affect the validity of [C1] and [C2]:
(i) temperature changes altering due to (exo)/endothermic
effects both gas and liquid magnetic susceptibilities, (ii) spe-
cies distribution, due to chemical conversion, affecting espe-
cially the mixture mass magnetic susceptibility of the liquid
phase.

For paramagnetic substances, the volumetric magnetic sus-
ceptibility obeys Curie’s law (v 	 T�1).50 For narrow-ranging
temperature variations, the 1/T law is also a good approxima-
tion of the mass magnetic susceptibility of paramagnetic
liquids (v̂l 	 T�1). Because of the density reciprocal depend-
ence, mass magnetic susceptibility of paramagnetic gases at
moderate pressures is of the form v̂g 	 T0. Diamagnetic sub-
stances are characterized by temperature-indifferent volumet-
ric magnetic susceptibilities (v 	 T0).50 As far as narrow-
ranging temperature variations are concerned, this translates
in temperature-indifferent liquid mass magnetic susceptibility
(v̂l 	 T0); whereas gas mass magnetic susceptibility at moder-
ate pressures is proportional to temperature (v̂g 	 T).

As catalytic hydrogenations are exothermic and as far as
gas diamagnetic–liquid diamagnetic reacting systems, as
those under current study, are concerned, temperature
changes are anticipated to alter v̂g and thus cg (refer to the
previous discussion on kerosene evaporation). From the liq-
uid side, conversely, compositional changes and not tempera-
ture (v̂l 	 T0) are thought to disturb cl invariance during the
course of aMS or PA catalytic conversion.

Figure 6. Axial deviations caused by kerosene vapor
pressure on local gravitational amplification
factor, cg along bore centerline at different
magnetic fields: (a) kerosene saturated vapor,
(b) partially evaporated kerosene pressure
computed using Yaı̈ci et al.46 kga correlation
for ul 5 0.9 mm/s and ug 5 3.7 cm/s (Bmax 5
6.09 T and MPPGA 5 440 T2/m : peak cg 5
1021; Bmax 5 6.72 T and MPPGA 5 485 T2/m :
peak cg 5 1022; Bmax 5 6.77 T and MPPGA 5
488.6 T2/m : peak cg 5 1023; Bmax 5 6.78 T
and MPPGA 5 489.4 T2/m : peak cg 5 1024).

Table 1. Relative Deviations (%) between c Values of Pure H2 and H21Kerosene
(vapor) for c Ranging Between 10

21
and 10

24

cH2

Saturated with Kerosene Partially Saturated with Kerosene

10�1 10�2 10�3 10�4 10�1 10�2 10�3 10�4

Peak 1.5 27.7 172.2 290.1 0.4 7.4 50.7 85.4
Averaged over 1 cm 1.6 16.2 74.2 95.7 0.5 4.5 21.1 27.6
Averaged over 4 cm 0.7 4.8 19.5 24.9 0.2 1.3 5.5 7.1
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Let us first assess the incidence of temperature on cg. The
0.16 M aMS/kerosene/H2 system is considered and the aver-
age conversion rate of aMS, dXaMS/dt, and the average tem-
perature rise, dT/dt is estimated (see Appendix B for model
derivation and calculation details). The reactor model was
solved in pseudo-steady state assuming adiabatic (reactor þ
liquid recycling loop) system across a 1-cm high catalyst
layer. The initial conditions are changed after each pass
through the reactor. It was found that dXaMS/dt ¼ 0.23%/min
and dT/dt ¼ 0.03 K/min. This source heating rate is too low
beside the actual reactor is not adiabatic so that heat losses
in the loop largely offset temperature surge above room tem-
perature. In the current conditions, the isothermal hypothesis
is largely verified and so does cg invariance.

To assess the incidence of compositional changes on cl,
Figure 7 depicts the evolution of the liquid-phase gravita-
tional amplification factor of the 0.15 M PA/kerosene/H2

system as a function of phenylacetylene conversion XPA

(Figure 7a) at 100% styrene selectivity, SS, and as a function
of SS (Figure 7b) at XPA ¼ 23.5%. The liquid mixture mass
magnetic susceptibility, to be used in Eq. 1, is estimated as a
function of XPA and SS using an additive law similar to Eq.
19. The mass magnetic susceptibilities of kerosene, phenyla-
cetylene (PA), styrene (S), ethylbenzene (EB) and n-decane
(internal standard) are estimated to be, respectively,
�2.56�10�8 m3/kg, �6.12�10�9 m3/kg, �8.23�10�9 m3/kg,

�9.11�10�9 m3/kg and �1.06�10�8 m3/kg.40 The starting
composition (XPA ¼ 0) allowed to achieve peak cl values
equal 10�1 at MPPGA ¼ 441 T2/m, 10�2 at MPPGA ¼ 485
T2/m, 10�3 at MPPGA ¼ 489 T2/m and 10�4 at MPPGA ¼
489.3 T2/m. As can be seen from Figure 7, it is not feasible
to maintain l-gravity conditions for cl \ 10�2 with XPA in
excess of about 25%. For example, after XPA ¼ 25% at SS ¼
100%, cl becomes negative and both [C1] and [C2] are vio-
lated. At lower PA conversions, say XPA \ 25%, l-gravity
levels down to 10�3 are achievable regardless of selectivity.
In conservative terms, however, it could be stated that condi-
tions [C1] and [C2] could easily be fulfilled for cl down to
10�2 regardless of reaction conversion and selectivity.

Recap of salient features


 In spite of the 2D nature of the magnetic field, scaling
gravity amplification factors, c, based solely on axial compo-
nent Bz, as in Eq. 1, is an acceptable approximation.


 Magnetic fields up to 10 Tesla are virtually effectless on
thermodynamic equilibria and diffusional fluxes so that clas-
sical thermodynamic calculations remain valid. In hydroge-
nating systems, because of H2 smallest molar weight, solvent
evaporation must be accounted for in matching between gas
and liquid mass magnetic susceptibilities.


 Temperature variations affect (diamagnetic) gas mass
magnetic susceptibility whereas (diamagnetic) liquid mass
susceptibility is sensitive to the species distribution as
evolved by the reaction. For hydrogenation systems, it is
conservative to assume magnetic mimicry for c between 1
and 10�2 regardless of conversion or selectivity levels.
Accomplishment of deeper l-gravity levels would require
estimation of ad hoc limit conversion levels above which
changes in mixture mass magnetic susceptibilities cannot be
ignored.


 It is possible to achieve acceptable degrees of axial ho-
mogeneity for c between 1 and 10�2 up to 1-cm bed heights.
The magnet maximum field of 9 T is not a bottleneck as c
peaks down to 10�4 are attainable with 489.4 T2/m (Figure
6b) which is well below the 650 T2/m limit of current mag-
net (Figure 1b). Future improvements concern better winding
strategies of NbTi coil to enlarge further the homogeneity
domain. As far as organic liquids and diamagnetic gases are
concerned, there is prospect for lunar- and Mars-like gravity
catalytic tests in multiphase reactors to well be emulated on
Earth using strong inhomogeneous magnetic fields.

Experimental Results and Discussion

l-Gravity using paramagnetic gas and liquid

Figures 8a–c illustrate comparisons between liquid hold-
ups, wetting efficiencies and two-phase pressure drops for cl
¼ cg ¼ 1 (Earth conditions, magnetic field disabled) and for
cl � cg � 0.42 (nearly Martian conditions, magnetic field
enabled) in a mini-trickle bed packed with 1-mm glass
beads. To achieve nearly Mars gravity in the bed, the para-
magnetic air/34.5% w/w aqueous MnCl2 two-phase flow sys-
tem was subjected to a peak gradient of �26.33 T2/m. As
can be seen, the liquid magnetic force oriented upwardly
contributes to amplify liquid holdup in l-gravity conditions.

Figure 7. Evolution of liquid-phase gravitational ampli-
fication factor as a function of phenylacethy-
lene conversion, XPA, and (a) styrene selectiv-
ity, SS, (b) for phenylacethylene/kerosene-H2

system.

Starting values at XPA ¼ 0 : MPPGA ¼ 441 T2/m : peak cl¼ 10�1; MPPGA ¼ 485 T2/m : peak cl ¼ 10�2; MPPGA ¼
489 T2/m : peak cl ¼ 10�3; MPPGA ¼ 489.3 T2/m : peak cl¼ 10�4.
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For liquid single-phase flow (ug ¼ 0 m/s) when the magnetic
field is enabled, liquid holdup monopolizes almost the whole
bed porous volume even at low liquid superficial velocity
(ul). In addition, it is less sensitive towards liquid velocity.
Such a propensity to bed flooding can be ascribed to a tangi-
ble reduction in liquid gravitational driving force. In two-
phase flow (ug = 0 and l-gravity conditions, liquid holdup
exhibits the classical decreasing trend with increasing gas su-
perficial velocity. Figure 8a indicates that under Martian
gravity, and for the same reason as the ug ¼ 0 m/s case, liq-
uid holdup values would be higher then on Earth by about a
factor two, everything else being kept identical. It is plausi-
ble that though trickle flow regime prevails in terrene condi-
tions for the selected gas and liquid velocities, this is no lon-
ger sustainable in reduced gravity conditions where the
higher liquid holdups measured lean more in favor of a bub-
bling or pulsing flow regime. This would be coherent with
the parabolic-flight tests at c ¼ 10�2 carried out on trickle
beds by Motil et al.11 in which it was shown that trickle
flow regime was unstable and was supplanted by a bubbly or
a pulsing flow.

A comparison between wetting efficiencies on Earth and
in Mars conditions for down-flow mode is illustrated in Fig-
ure 8b. The liquid magnetization force density amounting to
�8875 N/m3, largely outweighs its gas counterpart (�8 N/
m3) and dictates through liquid holdup increase in hypograv-
ity a direct action on the wetting efficiency augmentation. In
addition to an increase in wetting efficiency with gas and
liquid superficial velocities (Figure 8b), it is worthy of notice
that a reduction in c values also occasions a surge in wetting
efficiency. This is due to the fact that the liquid velocities
chosen in the study were purposely too small to realize all
the time partial-wetting reminiscent of trickle flow regime.
Any attempt at correlating wetting efficiency and liquid
holdup in non-terrene conditions requires re-engineering
classical trickle bed correlations by handling the additional
variability stemming from the gravity factor. It is interesting
to note that despite liquid holdup in Mars conditions is very
high does not mean that the whole packing is wet as
revealed by the improved tendency of wetting efficiency
with increasing gas and liquid superficial velocities. Such
improvement in wetting efficiency ranges in reduced gravity
from 30% at uG ¼ 0 to 12% at the highest gas velocity
(Figure 8b).

A comparison between two-phase pressure drops on Earth
and for Mars gravity conditions in down-flow mode is shown
in Figure 8c. Two-phase pressure drops exhibit monotonic
increases with gas and liquid superficial velocities, whether
for Earth or Mars conditions. However, two-phase pressure
drops are higher in reduced gravity with soaring values the
higher the gas velocities. The ratio of hydrostatic heads on
Mars and Earth (qlelclg)Mars/(qlelg)Earth being close to 1 in
our conditions is worthy of notice. This means that the
higher pressure drops recorded in Mars conditions cannot be
imputed to hydrostatic head effects alone but that friction
forces must likely undergo some changes because of a shift
in flow patterns from trickle flow to presumably pulse/bub-
bly regimes. It is likely that because of the higher liquid
holdups in Mars conditions, the gas flow experiences more
resistance to protrude throughout the bed so that the gas-liq-
uid frictions are significant and differ from those at work in

Figure 8. Comparative evolutions of liquid holdup (a),
wetting efficiency (b) and two-phase pressure
drop (c) for Earth operation vs. nearly-Mars
gravity conditions of a two-phase flow of a
paramagnetic gas–paramagnetic liquid sys-
tem in a trickle bed reactor.

Air/aqueous MnCl2 34.5% (w/w) system, MPPGA0 ¼
�26.33 T2/m, 1-mm glass beads.
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conventional trickle flow regime. In this way, both gas-liquid
and liquid-solid contacting are likely to improve through
reduced cl (and cg) and thus particles surface wetted by the
liquid increases as shown in Figure 8b.

In terms of modeling pressure gradient in trickle-bed reac-
tors in reduced gravity, it would likely be insufficient just to
content with crushing the value of the gravity constant in the
momentum balance equations, and significant efforts have to
be devoted to formulate appropriate drag closures valid in
contexts with likely bubbly or pulsing flows. This interpreta-
tion aligns with Motil et al.11 findings regarding access to
genuine frictional pressure drops, which can be approached
more accurately under microgravity conditions, in addition
to the fact that it is much higher than that for single-phase
flow liquid only.

For illustration, let us take a naı̈ve up-scaling of the well-
known slit model51 in which the gas-liquid interfacial inter-
actions are dropped because of the very low gas (few cm/s)
and liquid superficial (about 1 mm/s) velocities involved
under 1g experiments. A steady-state unidirectional fully
developed and fully wetted bed formulation can be cast in
which the gravitational acceleration g is symbolically
replaced by its reduced gravity value cl (or cg) � g. Consid-
ering the very low magnetic susceptibility values in play,
magnetization-induced field effects can be ignored. It is rela-
tively easy to arrive at the following modified slit model for
l-gravity contexts:
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Similarly, Motil et al.11 two-phase pressure drop correla-
tion developed for reduced gravity contexts is:
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Figure 9 shows the simulated behavior regarding two-
phase pressure gradients for air/water system flowing in a
trickle bed subject to microgravity of 10�2 based on corre-
lated data of Motil et al.11 and on a reduced-gravity
amended slit model for trickle flow (Eqs. 20 and 21). The
first stemming result is that pressure drop in reduced gravity
is higher than the one predicted using trickle flow models

and would indirectly provide theoretical basis for the results
shown in Figure 8c. The second element concerns the fact
that no matter if the Galileo number for the gas phase
accounts for reduced gravity (see Galileo number above), it
seems the gas-liquid drag force closure used in the slit
model would be inadequate for predicting the boosted up
pressure drops in reduced gravity. The third point questions
the validity of Ergun-like derivations for the drag force clo-
sures in structurally separated gas-liquid flows as in trickle
flow and their extension for reduced gravity flow structures
that do not necessarily bear the same flow patterns (e.g.,
bubbly flow and pulse flow regimes).

l-Gravity using diamagnetic gas and liquid

Hydrodynamics. Figures 10a,b illustrate comparisons
between liquid holdups and wetting efficiencies for cl ¼ cg
¼ 1 (Earth conditions, magnetic field disabled) and for peak
values of cl � cg covering the range [10�1:10�4] in the case
of a-methylstyrene/kerosene-hydrogen system. Different val-
ues of maximum magnetic fields were required to reach a
maximum product between magnetic field intensity and mag-
netic field gradient ranging from 440 to 489.4 T2/m around
point A (Figure 2b) where the mini-trickle bed reactor was
positioned.

In general, regardless of the prevailing reduced gravity
conditions, liquid holdup increases with increased liquid ve-
locity and decreases with increased gas velocity. As the
results show also, liquid holdup increases with increasing
BzqBz/qz (or decreasing c values) because the resistance to
liquid flow increases strongly due to liquid magnetization
force. A peak value of BzqBz/qz of 440 T2/m provides hypo-
gravity conditions with a gravitational amplification factor of
10�1 � 20% along the 1-cm bed height as discussed from
Figure 4. The magnetic body forces are orientated upwards
for both liquid and gas thus partially counterbalancing the
fluids’ weights. This yields longer residence time for the liq-
uid phase with, as a main result, an increase in liquid vol-
ume held in the bed. Similar arguments hold also for the

Figure 9. Pressure drop comparisons between slit
model51 and Motil et al.11 correlation for
microgravity conditions in a trickle bed with
1-mm glass beads and ul 51.5 mm/s.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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488.6 T2/m product gradient yielding a peak gravitational
amplification factor of 10�3. However, according to Figure 4
calculations and in spite of the liquid holdup yet increasing,
it is unrealistic to assume a representative c value as low as
10�3 for the whole bed considering the very large gradients
in c taking place over very small distances.

In the absence of magnetic field, the wetting efficiency
increases as expected as both gas and/or liquid velocity
increase (Figure 10b). As liquid velocity increases, wetting
efficiency improves further due to an increase in liquid
holdup (Figure 10a). Wetting efficiency average improve-
ment is about 5% for each liquid velocity increment. Also,
improvement in wetting efficiency is contributed through
improved liquid contacting over the packing area as a result
of increasing gas-liquid interfacial shear stress by means of
increased gas velocity. This yields about 7% gain in wetting
efficiency for each gas velocity increment.

When the magnetic field is enabled, an analogous tend-
ency was observed and the effect was an increase in wetting
efficiency with gas and liquid velocities in agreement with B
¼ 0 case. It was shown that magnetically-emulated l-gravity

increases liquid holdup. An immediate consequence to liquid
holdup improvement is a better wetting efficiency. Wetting
efficiency is thus increasing progressively with increasing
BzqBz/qz (or decreasing c values) through a knock-down of
liquid gravitational driving force in the bed. The trends for
both wetting efficiency and liquid holdup already depicted
above in the case of the paramagnetic gas–paramagnetic liq-
uid systems appear thus to be also valid for the diamagnetic
gas–diamagnetic liquid systems.

Reaction Data. To identify the limiting reactant, the dif-
fusion fluxes of the two reactants should be compared. The
ratio CR ¼ DeLCLi/b(DeGCG) is indicative of the relative
availability of the species at the reaction site. Thus, a value
of CR � 1 implies gaseous reactant limitations, while CR

[dlt] 1 indicates liquid-reactant limitations.52 For our sys-
tems, CR was near 0.92 and the reaction was considered as
being slightly liquid-reactant limited. This means that it is
possible to evaluate the wetting efficiency changes in terms
of conversion of the limiting liquid reactant.

Figure 11a shows aMS experimental conversion results. In
the absence of magnetic field, aMS conversion, XaMS, to

Figure 10. Comparative evolutions of liquid holdup (a)
and wetting efficiency (b) at various gas and
liquid superficial velocities for Earth opera-
tion vs. l-gravity conditions of a two-phase
flow of a diamagnetic gas–diamagnetic liq-
uid system in a trickle bed reactor.

aMS/kerosene-H2 system, peak values cg � cl ¼ 10�1,
10�2, 10�3, and 10�4. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 11. Comparative evolutions of aMS conversion
(a) and styrene selectivity (b) at various gas
and liquid superficial velocities for Earth
operation vs. l-gravity conditions of a two-
phase flow of a diamagnetic gas–diamag-
netic liquid system in a trickle bed reactor.

aMS/kerosene-H2 system and phenylacethylene/kerosene-
H2 system, peak values cg � cl ¼ 10�1, 10�2, 10�3, and
10�4.
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cumene increases with gas velocity from 10% for the lowest
to 19% for the highest velocity. This increase is due to
increasing wetting efficiencies as shown in Figure 10b if CR

¼ 0.92 is hypothesized to be sufficient to highlight the sensi-
tivity of conversion to the liquid reactant deficit. The conver-
sion variation as a function of liquid velocity follows a
decreasing trend as a likely result of a reduction in liquid
residence time with increased liquid superficial velocity. A
slight decrease, about 4–5%, is observed for conversions for
any given gas velocity when liquid velocity is being
increased.

The first value of the product between magnetic field in-
tensity and magnetic field gradient used in the experiment
was 440 T2/m ensuring c ¼ 10�1 in the catalyst bed. The ex-
perimental results indicate an increase in conversion by 2–
3% comparatively with B ¼ 0-case conversion. An explana-
tion for this tiny rise is provided by the slight improvement
in wetting efficiency from c ¼ 1 down to c ¼ 10�1, every-
thing else being invariant. This increase in wetting efficiency
under magnetic field tends to ameliorate conversion for a liq-
uid-reactant limited reaction as a result of more access
through the catalyst surface of liquid aMS.

The gain in conversion is even more spectacular at 488.6
T2/m for which the attained peak c is 10�3, Figure 11a. aMS
conversion is increasing by a factor 3 for the same gas and
liquid superficial velocities, giving considerable process
intensification. It was calculated that MPPGA ¼ 488.6 T2/m
product gradient generates an average gravitational amplifi-
cation factor value of 0.147 around a peak gravitational
amplification factor value of 10�3. Therefore an improved
liquid distribution and better accessibility to catalyst sites in
reduced gravity could be an interesting process intensifica-
tion asset and further understanding of the nature of liquid
flow structure in these conditions is required.

Let us examine to what extent the magnetic field effects
on aMS conversion is ascribable exclusively to hydrody-
namic origins. Figure 11b shows aMS conversion as a func-
tion of wetting efficiency when the magnetic field is disabled
for a co-current upflow mode, and when the magnetic field is
enabled for the co-current down-flow operation mode. The
peak gravitational amplification factor value is 10�3 and its
average value is 0.146 across the 1-cm catalyst bed. Nor-
mally, provided the magnetic field changes neither the reac-
tion chemistry nor its pathway and has no function other
than controlling wetting efficiency and liquid holdup via
hydrodynamic levers (Kelvin force), identical aMS conver-
sions should be obtained under equal wetting efficiency and
contact time between catalyst and liquid, and this regardless
of the prevailing magnetic field. In an upflow mode, wetting
efficiency is higher then in down-flow mode resulting in bet-
ter liquid-reactant conversions for liquid-limited reactions.
Conversion data were thus obtained in upflow mode (Figure
11b). Then conversion measurements were realized in down-
flow after enabling the magnetic field that realizes the same
wetting efficiency and liquid contact time as in upflow mode
at B ¼ 0. Figure 11b demonstrates beyond doubt that the
function of the magnetic field is hydrodynamic and consists
in mainly an improvement of wetting efficiency in the
down-flow mode. Dissimilarities between experimental
points are small and the assumption that the magnetic field
acts only hydrodynamically proves true.

Figure 12a shows the experimental styrene selectivity
results, SS, in trickle bed mode. Following the same argu-
ments regarding the interrelation between magnetic field,
wetting efficiency and phenylacetylene hydrogenation, it is
possible to interpret the increasing trend of styrene selectiv-
ity with wetting efficiency along the same line developed for
aMS hydrogenation. Figure 12b shows SS as a function of
wetting efficiency when the magnetic field is disabled in co-
current upflow mode and when the magnetic field is enabled
for co-current down-flow operation mode (c ¼ 10�4) while
equal wetting efficiencies are being achieved as explained
earlier. The peak gravitational amplification factor value is
10�4 and the average value is 0.145. Imposing the same wet-
ting efficiency yields equal styrene selectivities as shown in
the figure. As for the aMS conversion case, dissimilarities
between experimental points are small and the hypothesis
that the magnetic field operates only at a hydrodynamic level
is accurate.

Concluding Remarks

A new method was developed to obtain artificial l-gravity
in a controlled laboratory facility capable of providing simu-
lated lunar/Martian gravity or microgravity environments for
experiments on passive/reactive multiphase flows. Its applic-
ability was illustrated in the case of miniature trickle beds,
loaded with inert and catalytic particles, where flowing gas

Figure 12. Commutation of magnetization force into ar-
tificial gravity force.

Comparisons of aMS conversion (a) in trickle bed at peak
cg � cl ¼ 10�3 and of styrene selectivity (b) in trickle bed
at peak cg � cl ¼ 10�4 with corresponding conversion and
selectivity in co-current upflow bed in Earth conditions (B
¼ 0) at iso-space-time and iso-wetting efficiency. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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and liquid would feel artificial l-gravity inside the atmos-
pheric bore of a superconducting magnet. The magnet gener-
ates large magnetic field strengths and magnetic field gra-
dients to compensate for gravity. Magnetic mimicry of artifi-
cial gravity is realized by commuting into apparent gravity
acceleration the magnetization force at work on both dia-
magnetic and paramagnetic non-magnetic and electrically
non-conducting fluids. The scaling property to be maintained
invariant in multiphase systems to achieve magnetic mimicry
is phasic mass magnetic susceptibility.

The following factors were analyzed in terms of their
repercussions on the spatial homogeneity of l-gravity: axial
vs. radial/azimuthal Kelvin magnetic force components and
spatial distribution of magnetic field inside the magnet, inci-
dence of magnetic fields on gas solubility, solvent evapora-
tion and diffusion, and finally the effects of temperature and
conversion of catalytic reaction on the change in mass mag-
netic susceptibilities.

Hydrodynamic measurements (liquid holdup, wetting effi-
ciency, pressure drop) were realized for both gas paramag-
netic–liquid paramagnetic and gas diamagnetic–liquid dia-
magnetic systems. Conversion and selectivity data were also
measured with and without magnetic fields at constant wet-
ting efficiency and contact time. It was shown that magnetic
fields affect conversion and selectivity of catalytic reactions
exclusively via hydrodynamic phenomena (mainly wetting
efficiency). It was found that magnetic fields affect neither
the reaction chemistry nor its pathway which otherwise
would have jeopardized through epiphenomenal magneti-
cally-induced effects the analogy between artificial gravity
produced by strong inhomogeneous magnetic fields and
actual l-gravity in space or in non-terrene conditions.

The experimental system consisted of a miniature packed-
bed reactor that was sufficiently small to fit within the atmos-
pheric bore of the magnetic field setup. Considering the space
and weight constraints of spatial flights, reactor scale-up, in the
conventional assertion, is not an issue as relatively small-sized
reactors using catalyst particles of similar size, as those tested
in the miniature bed, are to be devised to fit within the space
shuttles. For instance, provided similar catalyst particle sizes
are used, reactor scale-up and hydrodynamics (for instance,
wetting efficiency and liquid holdup) would remain indifferent
to the capillary forces relative to gravity.
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Notation

B ¼ magnetic induction field vector, T
Ci ¼ i-species mole concentration, mol/m3

D ¼ reactor diameter, cm
Di ¼ molecular diffusion coefficient, m2/s
E ¼ electric field vector, V/m

FLa ¼ a-phase Lorentz magnetohydrodynamic body force density,
N/m3

FMa ¼ a-phase Kelvin body force density, N/m3

fai ¼ a-phase i-species fugacity, -
g ¼ earth gravity acceleration, m/s2

KH ¼ Henry’s constant, Pa
kga ¼ volumetric gas-side mass transfer coefficient, s�1

Ji ¼ i-species total mole flux, mol/(m2�s)

L ¼ reactor length, cm
Mi ¼ molar weight, kg/mol
T ¼ temperature, K or �
P ¼ pressure, atm
R ¼ ideal gas law constant, J/mol/K
ua ¼ a-phase superficial velocity, m/s
mai ¼ a-phase i-species partial molar volume, m3/mol
wi ¼ i-species mass fraction, -
xi ¼ liquid-phase mole fraction, -
yi ¼ gas-phase mole fraction, -
z ¼ axial coordinate, cm
ea ¼ a-phase holdup per unit reactor volume, -
ca ¼ a-phase gravitational amplification factor, -
l0 ¼ vacuum permeability, 4p � 10�7 N/A2

li ¼ i-species magneto-chemical potential, J/mol
qa ¼ a-phase density kg/m3

ra ¼ a-phase electrical conductivity, X�1m�1

va ¼ a-phase volumetric magnetic susceptibility, -
vai ¼ a-phase i-species volumetric magnetic susceptibility, -
v̂a ¼ a-phase mass magnetic susceptibility, -

Subscripts/Superscripts

0,o ¼ without magnetic field
g ¼ gas
l ¼ liquid

m ¼ molar basis
r ¼ radial
z ¼ axial
h ¼ azimuthal

Acronyms

aMS ¼ a-methylstyrene
C ¼ cumene

EB ¼ ethylbenzene
MPPG ¼ maximum (minimum) peak product gradient

PA ¼ phenylacetylene
ROI ¼ region of interest

S ¼ styrene
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Appendix A

Henry’s law constant KH of H2 in kerosene is based on
the work of Herskowitz et al.39 At T ¼ 298.1 K and P ¼ 1
atm, KH ¼ 3.25�108 Pa. Kerosene vapor pressure, Pv

2 ¼
133.3 Pa in the same conditions.
Hydrogen volumetric magnetic susceptibility in the gas

phase vg1 ¼ �2.05�10�9, whereas H2 volume magnetic sus-
ceptibility in the liquid phase (vl1 ¼ �2.42�10�6) was calcu-
lated as40:

vl1 ¼
ql1
M1

vlm1 (A1)

where ql1 is H2 liquid density (¼ 70.8 kg/m3), M1 is H2

molar mass and vlml liquid molar magnetic susceptibility
(¼6.83�10�11 m3/mol).40

Hydrogen partial molar volume in kerosene, ml1
(¼15.67�10�6 m3/mol), was estimated according to Marano
and Holder method, considering n-C14 as kerosene proxy.41

Kerosene partial molar volume in liquid phase was estimated
to be m21 ¼ 2.16�10�4 m3/mol.
Kerosene vapor volumetric magnetic susceptibility (v2

g ¼
�1.44�10�7) was approximated assuming the mass magnetic
susceptibility to be phase-indifferent:

vg2 ¼
qg2
ql2

vl2 (A2)

where vl2 is the kerosene liquid volume magnetic susceptibil-
ity (¼ �2.02�10�5), ql2 is the kerosene liquid density (¼ 790
kg/m3) and qg2 the kerosene vapor density (¼ 5.64 kg/m3).
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Appendix B

To describe aMS hydrogenation kinetics, a Langmuir-Hin-
shelwood rate law developed by Turek and Lange was
used25:

< ¼ k KaMS CaMS CH2

1þ KaMS CaMS
(B1)

where k is a surface-reaction rate constant and KaMS is the
adsorption equilibrium constant for aMS:

k ¼ k0 e
�E=RT (B2)

KaMS ¼ K0aMS e
�DHr=RT (B3)

The energy and mass balance equations assuming full wet-
ting in the catalytic layer and reactor plug flow in both gas
and liquid for aMS, cumene (C) and hydrogen, are as
follows:�
ulcp;lql þ ugcp;H2

qH2

� dT
dZ

¼ �DHr qp 1� eð Þ<;
T
��
z¼0;t¼0

¼ 298K ðB4Þ

� ul
dCaMS

dz
¼ qp 1� eð Þ< (B5)

� ul
dCH2;l

dz
¼ qp 1� eð Þ< � kla

P

He
� CH2;l

� �
;

CH2;l

��
z¼0;t¼0

¼ 0 ðB6Þ

ul
dCC

dz
¼ qp 1� eð Þ< ;CC

��
z¼0;t¼0

¼ 0 (B7)

The range of operating variables under reaction conditions
and the constants are given in Table B.1.
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Table B.1. Operating conditions and constants for the heat
up 0.16 M aMS/kerosene/H2 system

DHr, kJ/mol �111.2
E, J/mol 38.7�103
Cp,l, kJ/kg�K 2.0
Cp,H2, kJ/kg�K 14.30
k0, m

3/kg�s 10.7
P, atm 1
ul, mm/S 1.25
ug,cm/S 3.67
qp, kg/m

3 2583
e, m3/m3 0.37
K0aMS, m

3/kmol 4.2�10�3

KH, atm�m3/kmol 387.6
kla, S

�1 0.02
MPPGA, T

2/m 488.6
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