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Magnetic buoyancy-based water electrolysis in zero-gravity

A. Romero-Calvo' , G. Cano-Gémez?, H. Schaub’

The management of fluids in space is complicated by the absence of strong buoyancy forces. This raises significant technical issues
for two-phase flows applications, such as water electrolysis or boiling. Different approaches have been proposed and tested to induce
phase separation in low-gravity; however, further efforts are still required to develop efficient, reliable, and safe devices. The employment
of magnetic buoyancy is proposed as a complement or substitution of current methods, and as a way to induce the early detachment of

gas bubbles from their nucleation surfaces. The governing magnetohydrodynamic equations describing incompressible two-phase flows
subjected to static magnetic fields in low-gravity are presented, and numerical simulations are employed to demonstrate the reachability of
current magnets under different configurations. The results support the employment of new-generation neodymium magnets for centimeter-

scale electrolysis and phase separation technologies in space, that would benefit from reduced complexity, mass, and power requirements.

1 Introduction

The term water electrolysis refers to the electrically induced decom-
position of water into oxygen and hydrogen. The reaction was first
performed by Troostwijk and Deiman in 1789 [1, 2], and has been
considered for space applications since the early 1960s [3]. A wide
range of environmental control and life support systems [4], propul-
sion technologies [5-7], or energy conversion and storage mech-
anisms [8, 9] rely on this process. Furthermore, future interplan-
etary missions are likely to employ water as an In-Situ-Resource-
Utilization propellant [10, 11].

The operation of electrolytic cells in low-gravity is severely
complicated by the absence of strong buoyancy forces, commonly
resulting in increased complexity, mass, and power consumption.
Dedicated microgravity experiments have shown how the weak
buoyancy force gives rise to a layer of gas bubbles over the elec-
trodes, shielding the active surface and increasing the ohmic resis-
tance [12—14]. Gas bubbles tend to be larger than in normal-gravity
conditions due to the longer residence time on the electrodes and the
absence of bubble departure. Besides, and unlike in normal-gravity,
the bubble departure diameter increases with increasing current in-
tensity [15]. A forced water flow can be employed to flush this
structure, but this approach increases the complexity of the system
and has a limited efficiency [16]. Most types of electrolytic cells
also require a liquid/gas phase separation stage. Rotary [17, 18] and
membrane-type [16, 19] devices are nowadays employed. Passive
approaches that make use of surface tension by means wedge ge-
ometries [20, 21], springs [22], or eccentric annuli [23] have also
been proposed and tested. As an alternative, the generation of an
equivalent buoyancy force by means of electric fields has been con-
sidered since the early 1960s [24] and has been studied and suc-
cessfully tested for low-gravity boiling [25, 26] and two-phase flow
[27, 28] applications. However, the drawbacks of these approaches
are numerous: centrifuges add to system power loads and may rep-
resent a safety hazard, membranes have limited lifetime and tend
to clog in the presence of water impurities [5, 29], surface tension-
based approaches require careful geometrical design and are sensi-
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tive to moderate departures from the operational design point [20],
and electric fields consume power and may represent a safety hazard
for both human and autonomous spaceflight due to the large required
potential differences.

This review unveils the numerous challenges associated with the
low-gravity gas/liquid separation process and shows important lim-
itations in current and foreseen technologies. As a complement or
substitution of the previous methods, the inherent magnetic proper-
ties of water and derived electrolytes may be employed to induce the
natural detachment and collection of gas bubbles. Inhomogeneous
magnetic fields induce a weak body force that, due to the differen-
tial magnetic properties between phases, results in a net buoyancy
force [30]. This phenomenon is known as magnetic buoyancy and
has been applied to terrestrial boiling experiments with ferrofluids
[31, 32]. Previous works on low-gravity magnetohydrodynamics
have explored the diamagnetic manipulation of air bubbles in wa-
ter [33, 34], the positioning of diamagnetic materials [35], air-water
separation [36], protein crystal growth [37], magnetic positive po-
sitioning [38—42], magnetic liquid sloshing [43, 44], or combustion
enhancement [34], among others. The application of Lorentz’s force
on liquid electrolytes has also been studied as a way to enhance hy-
drogen production [45-55]. However, the use of magnetic buoyancy
in phase separation, electrolysis, and boiling in low-gravity remains
largely unexplored.

The development of low-gravity magnetic phase separators may
lead to reliable, lightweight, and passive devices. If the magnetic
force was applied directly over the electrodes, the bubble departure
diameter would be reduced and a convective flow would be induced
on the layer of bubbles, enlarging the effective electrode surface and
minimizing the ohmic resistance and cell voltage. The same benefits
would be obtained for low-gravity boiling devices, with the boiling
surfaces being equivalent to the electrodes.

In this paper, the applications of magnetic buoyancy in low-
gravity electrolysis are first explored in Sec. 2. A theoretical frame-
work for incompressible liquids subjected to static magnetic fields
is derived Sec. 3, while a preliminary analysis of bubble dynamics
is given in Sec. 4. Fundamental results and technical solutions are
shown in Sec. 5, and conclusions are finally drawn in Sec. 6.
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2 Magnetic buoyancy applications to low-gravity water
electrolysis

Water electrolysis technologies can be classified according to the
nature of the electrolyte. Liquid electrolyte assemblies, known as
alkaline cells, employ two metallic electrodes separated by a porous
material and immersed in a conductive aqueous solution, usually
prepared with KOH or NaOH. The cell separator, which is either
attached to the electrodes (zero-gap configuration) or slightly sepa-
rated from them (gap-cell configuration) allows the exchange of the
OH ™ groups and prevents the recombination of Hy and Oz into
water. Solid electrolytes, or Proton-Exchange Membrane (PEM)
cells, on the contrary, are fed with pure water and make use of a
proton-conducting polymer electrolyte attached to two electrodes in
a zero-gap configuration. PEM cells minimize ohmic losses, allow
high current densities, prevent the recombination of oxygen and hy-
drogen (and so, are safer), and produce high-purity gases. However,
they lack the long-term heritage of alkaline cells and are sensitive
to water impurities [56]. These and alternative approaches have al-
ready been tested in space [57-59].

The application of magnetic buoyancy may be beneficial for
at least two common components of low-gravity water electroly-
sis systems: the electrolytic cell and the gas/liquid phase separator.
These elements are present in both alkaline and PEM cells, with the
exception of SFWES configurations. As shown in Sec. 3.4, mag-
netic buoyancy can be induced in virtually all liquids of technical
interest, with pure water being one of the least magnetically sus-
ceptible of them. Although this discussion focuses on water elec-
trolysis, the concepts here introduced have a direct equivalent in
applications involving pool boiling or bubble growth, such as water
boiling or other types of electrolysis, recombination, or combustion
reactions.

2.1 Electrolytic cells

The application of strong inhomogeneous magnetic fields over the
electrodes would potentially induce a convective flow on the layer
of bubbles, reducing the break-off diameter, enlarging the effective
surface, minimizing the ohmic resistance, and reducing the cell volt-
age while effectively separating the phases. Some of these effects
have been observed in terrestial boiling experiments with ferroflu-
ids, where a significant influence of the magnetic field on the boiling
plate bubble coverage and heat transfer coefficient is reported [31,
32].

Depending on the type of reactant, the diamagnetic or
para/ferromagnetic configurations depicted in Fig. 1 should be con-
sidered. While in the former a diamagnetic liquid (such as water) is
repelled from the magnet, in the latter a paramagnetic or ferromag-
netic substance is employed, producing the opposite effect. In virtue
of Archimedes’ principle, gas bubbles experience a magnetic buoy-
ancy force that attracts (diamagnetic) or expels (para/ferromagnetic)
them from the magnet.

This distinction may sound contrived to the reader, as water and
its associated electrolytes are diamagnetic materials, and one can-
not easily figure out applications where paramagnetic or ferromag-
netic substances are employed. However, the renewed interest in
nanofluids-enhanced [60] and magnetically-enhanced [31, 32] heat
transfer may open new interesting avenues of research. Highly sus-
ceptible liquids, such as ferrofluids, may be employed to boost the
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Fig. 1: Conceptual representation of a magnetically enhanced elec-
trolysis cell. Blue arrows represent the liquid/gas flow, while
red arrows denote the magnetization vector.

productivity of the electrodes and boiling surfaces, both on Earth
and in space. In spite of the numerous technical challenges that
such technologies would face (e.g. thermal stability and particle de-
position [61]), the possibility of using ferrofluids is considered in
this work.

2.2 Phase separators

Although the magnetic electrolytic cell concept presents intrinsic
advantages, modularity is commonly sought in an industry charac-
terized by a complicated and expensive design flow. Magnetic phase
separators could be easily integrated in existing space systems, with
applications to any combination of phases. The magnetic buoyancy
force could also be employed in combination with existing technolo-
gies, such as surface-tension enabled phase separators.

This is conceptually represented in Fig. 2, where magnetic and
combined surface tension/magnetic phase separators are shown for
a dielectric liquid. The magnetic phase separator consists on a chan-
nel surrounding a magnet that attracts the bubbles from an incom-
ing two-phase flow. The combined phase separator consists on a
wedge-shaped channel that pushes large bubbles to the open end as
they evolve towards their configuration of minimum energy (spher-
ical geometry). This approach was tested in the Capillary Channel
Flow experiment, conducted at the ISS in April 2010 [20]. Mag-
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Fig. 2: Conceptual representation of a standalone and surface-
tension enhanced diamagnetic phase separator. Blue arrows
represent the liquid/gas flow, while red arrows denote the
magnetization vector.
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netic buoyancy may be particularly useful to attract small bubbles
that are unlikely to contact the free surface and hence remain within
the liquid flow.

3 Magnetic buoyancy in two-phase flows

The conceptual solutions here presented should be studied in the
framework of the magnetohydrodynamic theory. This section intro-
duces a series of fundamental theoretical tools together with sim-
plified expressions that enable preliminary analyses. Due to their
potential interest in future applications, the use of ferrofluids is con-
sidered. No assumptions are made regarding the constitutive rela-
tion of the material.

3.1 Governing equations for incompressible, neutral fluids
subjected to static magnetic fields

The magnetic phase separation and bubble detachment concept dis-
cussed in this paper can be applied to different electrolysis and
boiling technologies. However, most of them share three impor-
tant characteristics: (i) the fluids involved are incompressible and
electrically neutral, (ii) steady magnetic fields are imposed, and (iii)
viscous coefficients are constant. Under the previous assumptions,
the magnetohydrodynamic mass and momentum conservation equa-
tions are expressed as [62]

V-v=0, (1a)

=pg+V-T, (1b)

v
"Dt
subjected to appropriate boundary conditions, with v being the ve-
locity field, p the fluid density, g the inertial acceleration, D /Dt the
material derivative, and T the Maxwell stress tensor, that includes
pressure, viscous, and magnetic terms.
The stress tensor T'is defined in terms of the magnetic fields act-
ing on the system. Those are computed from the stationary Maxwell
equations in the absence of electric charges

V-B=0, (2a)

V x H =0, (2b)

where B, H = (B/uo) — M, and M are the flux density, mag-
netic, and magnetization fields, respectively, and po is the perme-
ability of vacuum. For soft magnetic materials, the magnetization
field is aligned with the magnetic field and follows the relation
M = x"'(H)H, with x*'(H) being the volume magnetic sus-
ceptibility. The interfacial magnetic boundary conditions are

n-(Bs— By) =0, (3a)

nx (Hy— Hy) = 0. (3b)

Therefore, the normal component of B and, in the absence of sur-
face currents, the tangential component of H, are continuous across
the interface.

This theoretical framework can be further simplified when con-
sidering linear dia/paramagnetic materials, which exhibit a constant
(magnetic field independent) susceptibility of the order |x"%'| < 1.
Consequently, the weak magnetization field in this media justifies
the approximation H ~ H, with H( being the applied magnetic
field. From a practical perspective, this implies that H can be cal-
culated independently of the state of the system under analysis.
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3.2 The incompressible, viscous Maxwell stress tensor

The magnetodynamic state of an incompressible continuous
medium can be described by means of the viscous Maxwell stress
tensor, which has been formulated in the classical literature as [30,
62-64]

T=T,+ T, +Tn, “4)

with the pressure, viscous, and magnetic terms being given by

T, = —p* I, (5a)
A [W + (Vv)T] , (5b)
Ty = f%H2I + BH, (5¢)
and where
79
P b T) o [ 4 feM]dH ©
0 1%

is the composite pressure, that includes hydrostatic p(v,T') and
magnetopolarization terms. In the previous expressions, I =
d;;je;e; is the unit dyadic in the Cartessian e; reference system, and
v = p~ ' is the specific volume of the medium. 7 is the dynamic
coefficient of viscosity, that shows a nonlinear dependence with the
magnetic field for ferrofiuids [65]. Applications involving unequi-
librated ferrofluid solutions (i.e. those for which M x H # 0),
should incorporate the effects resulting from particle rotation in a
viscous carrier liquid. An additional term should be added to the
viscous stress tensor T, and the angular momentum and magnetic
relaxation equations should be considered [62, 64].

The electric interaction has been widely studied in the context
of two-phase flows [27] and does not have a significant incidence
for the applications discussed in this work. Even though the small
differential electrode potential employed in water electrolysis cells
(= 3 V) produces an electric field, the density of electric force ex-
erted on the electrically polarized medium would be several orders
of magnitude weaker than its magnetic counterpart. Consequently,
this discussion focuses on the magnetohydrodynamic effect by as-
suming an electrically neutral medium that remains in thermody-
namic equilibrium with constant density, temperature and chemical
potentials.

This formulation does not implement any assumption regard-
ing the constitutive relation of the material. In some cases, how-
ever, it may be useful to particularize the analysis to linear media,
neglecting the magnetopolarization term in Eq. 6. Linear electric
results are introduced in Ref. 27 and can be easily adapted to the
dia/paramagnetic case by making use of the complete analogy be-
tween magnetostatics and electrostatics [30].

3.2.1 Body force distributions

The forces per unit volume exerted on the medium in the absence of
electric fields can be computed as the divergence of the stress tensor
given by Eq. 4, resulting in [62]

F=v-T=f,+f,+fn @)

with

f,=V T, =—Vp", (8a)
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f, = V.-T, = V. {U[VU-F(VU)T} }, (8b)

f,, =V Tp = poMVH. (8¢)

If the viscosity coefficient 77 is considered constant, the viscous term
reduces to
f,=nV’v+nV(V - v).

3.2.2 Boundary conditions

Surface forces appear in the interface between immiscible media
as a consequence of the discontinuity in the stress tensor. Those
forces are balanced according to the condition of stress equilibrium,
leading to [62]

tnyz — tn,l = 20’7‘[17,1, (9)

where t,, ; = n; - Ty, ; is the stress vector, n; is the external nor-
mal of the medium ¢, the right term is the capillary pressure, o is
the surface tension, and 7 is the mean curvature of the interface.
Implementing the magnetic, viscous stress tensor given by Eq. 4,

the stress vector is expressed as
vy, n4 Ovn n vy ¢
amn a(L‘t axn
- %H% +B,H, (10)

t,=-pn+n [2

where v, and v; are the normal and tangential velocity components,
and x,, and z; the distances along the normal and tangential direc-
tions, respectively. Computing the balance at the interface, consider-
ing Gauss’ and Ampere’s laws, and expressing the result in the nor-
mal (n) and tangential (¢) directions, the ferrohydrodynamic (FHD)
viscous boundary condition is obtained [62]

* a n
n: {p 72n£ +pn} +20H =0, (11a)

a'Un 8vt
t: —_— =0,
{77 (8:&,5 + 8mn>}
with pn; = N0M72z,i/2 being a pressure-like term named magnetic

normal traction, and the brackets denoting a difference across the
interface. If the second medium is nonmagnetic and viscosity is

(11b)

neglected, the normal balance reduces to the inviscid boundary con-
dition between magnetizable and nonmagnetizable media obtained
in Ref. 65, as it should.

3.3 Effective total forces

As shown in Ref. 66, different equivalent formulations can be
employed to compute the total magnetic force exerted on a body.
Among them, the Principle of Virtual Works can be applied to the
free energy variation of a magnetizable medium caused by changes
in the external magnetic field H . The result is a well-known and
straightforward expression [30, 63, 66]. After considering the qua-
sistatic momentum balance arising from Eq. 1b, the effective total
magnetic force becomes

Fi = po / dv [(XZ‘”H —xH") V] Hoy, (12)
\%
where V' denotes the volume and surface of a magnetized medium,

respectively, and with H™ being the virfual magnetic field that
would be present if the volume V' was occupied by the environment.
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This expression constitutes the formulation of the Archimedes’ prin-
ciple for the magnetic interaction. By following the same procedure,
the effective inertial force can be obtained as

Fo = / v (s — po)g (13)
%

3.4 Magnetic susceptibility

The magnetic susceptibility is an intrinsic property of the medium
that defines the relation between the fields M and H, which are
aligned in soft magnetic materials. Diamagnetic and paramagnetic
substances generally have small and constant volume susceptibili-
ties values. Ferrofluids, on the contrary, are characterized by large
susceptibilities and a non-linear dependence between M and H.
Magnetic susceptibilities are commonly expressed per unit volume
(x™), mass (x
tems [67].
Since KOH and NaO H solutions are widely employed in wa-
ter electrolysis technologies, a brief analysis of their magnetic sus-
ceptibility is here presented. Assuming that dipole-dipole interac-

vol mass mol

), or mole (x™) in the international or CGS sys-

tions are negligible, Wiedemann’s additivity law states that

N
mass

Xsol =

=1

mass

DiXi 14

where x7o°°

mass fraction of each substance. Equivalent expressions are found
for volume and molar susceptibilities [67]. The magnetic suscepti-
bility of diluted salts can be computed as [68]

is the mass susceptibility of the solution, and p; is the

mol mol
mass __ Xcation + Xanion
)

salt  — Msall
with M, being the molar mass of the salt. The susceptibilities
of the ions are expressed per unit mole, as commonly reported in
the literature. Values for KOH and NaOH solutions are given in
Table 1.
The approximate evolution of the magnetic susceptibility of

15)

KOH and NaOH solutions with the solute mass fraction is re-
ported in Fig. 3, where the solubility of the solutions is taken from
Ref. 70 at 25° C and a constant solution volume is assumed. Since
the magnetic force is directly proportional to the magnetic suscepti-
bility, this result implies that liquid electrolytes are particularly well
suited for magnetic buoyancy applications, with increases of mag-
netic susceptibility of up to an 80%.

4 Bubble dynamics

The magnetic buoyancy force can produce significant effects in the
generation and evolution of gas bubbles over electrodes or boiling
surfaces. Such effects have been observed in experiments involving
electric fields [26] and ferrofluids subjected to magnetic fields [31,

Tab. 1: Relevant magnetic parameters of common water electrolytes
expressed in the CGS system [68, 69].

Solute Mol Xg?ilon/1076 XBO;II— /1076 Xr;Ia;SO/lo_G

[g/mol] [cm?®/mol] [cm®/mol] [em®/g]
NaOH  39.9971 6.8
KOH  56.1056 -149 -12 -0.720
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Fig. 3: Volume magnetic susceptibility of KOH and NaOH solutions
as a function of the mass fraction of solute neglecting dipole
interaction

32]. In consequence, understanding this process is of major impor-
tance for future applications.

The evolution of an isolated gas bubble subjected to an inhomo-
geneous magnetic field in microgravity can be studied as a four-step
process, represented in Fig. 4: nucleation, growth, detachment, and
transport. The magnetic force should not produce significant ef-
fects in the nucleation phase, but may impact the rest. Although
microgravity experiments show that the actual electrolysis reaction
is significantly more complicated due to the formation of a layer
of bubbles and their coalescence [12—15], the tools here introduced
are still useful to draw fundamental conclusions. A comprehensive
chemical analysis of the bubble nucleation process can be found in
Ref. 71.

4.1 Growth

The quasi-static momentum balance is one of the fundamental and
most widely extended tools to study bubble growth. Let’s consider

(i) Nucleation (i) Growth

Electrolyte/H,0

Electrode

(iii) Detachment (iv) Displacement

Fig. 4: Conceptual stages of single bubble evolution when subjected
to an inhomogeneous magnetic field in microgravity. De-
tachment occurs when the vertical momentum balance is no
longer satisfied, inducing a microconvection flow in the sur-
rounding liquid. The bubble subsequently accelerates until
viscous drag F',, compensates the magnetic buoyancy force,
reaching the terminal velocity.
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a liquid environment with density py and a body consisting on a
single gas bubble with volume V/, density py, and surface tension
o. The bubble is sitting on an horizontal electrode with apparent
contact angle 6 while subjected to an inertial acceleration g. In the
absence of dynamic forces, the momentum balance can be obtained
as done in Ref. 27 for the electric interaction, resulting in

/ degg+/ dLatfg—&-?{ dS n-T}+¢ dS n-T), =0,
s cL v v

(16)
where C'L denotes the circular contact line of diameter Dy, and
tyg is the tangent unit vector in the meridian plane. In the above
expression, - T and n - T}, represent the force densities on the
external face of the bubble linked to the pressure and the magnetic
interaction. In quasi-static conditions, the pressure term in Eq. 16
includes the inertial and magnetic flotability forces acting on the
bubble. On the other hand, for practical purposes it is useful to
project Eq. 16 on the axis k perpendicular to a plane surface A
delimited by C'L. A scalar equilibrium equation

Fb+Fp+Fa+Fm:0 (17)

is then obtained. If uniform fluid density and overpressure on A are
assumed, the buoyancy, internal overpressure, and surface tension
forces have the same expressions as those proposed in Ref. 27

Fy=k-F=V(pg—ps)k-g, (18)
7 D? .
Fy == (ps = P}) (19)
F, = / dLok - tyy =~ —wDoosind, (20)
CL

For water-gas solutions, with susceptibilities of the order of |x*"'| ~
107%, it is appropriate to approximate the magnetic fields in Eq. 12
as H, H* ~ Hy. The total force exerted on a small, spherical, gas
bubble is then

F %nRiquXW'VHS, @0
where R}, is the radius of the bubble and with Ax* = xi — y¥!
denoting the differential magnetic susceptibility between gas and
the water environment. This approach has been widely employed in
previous works on dielectric manipulation in low-gravity [36, 37].
For the quasi-axisymmetric case, the magnetic term in Eq. 17 can
be consequently approximated as

10HG

2 v
F,=k FTxn ZaR o AY
0z

3

(22)

The momentum balance may consider a forced viscous shear
flow by including the viscous stress tensor and its associated lift and
drag expressions [72].

4.2 Detachment

The detachment of the bubble is produced when the balance of verti-
cal forces cannot longer be satisfied with increasing volume [26]. In
this context, the magnetic force F’,, can be employed to accelerate
the detachment process or, equivalently, reduce the critical bubble
volume.

Alternative simplified expressions can be developed to estimate
the bubble detachment radius. In boiling and heat transfer research,
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the maximum break-of diameter of a bubble on an upward facing
surface is usually estimated form Fritz’s equation [73]

g

do=120,]—2 .
g (ps — pg)

(23)
If the bubble is sufficiently small, the magnetic force may be ap-
proximated by a constant, uniform field. The magnetic Fritz equa-
tion would then be rewritten as

g
do=120)— %
0 fm +9(pr — pg)

with fr, = Fi,/V being the overall magnetic body force density (in
N/m?®). The departure diameter may deviate from this result due to
the microconvection flow associated to the detachment process [73]

24

and the interactions between adjacent bubbles [12, 13, 15]. Further-
more, in electrolysis applications the break-of diameter also depends
on the surface current density through an expression of the form [74]

—ko
@— (1+/€1[/7A> ,

d [A/m7] 25)

where k; are fitting parameters, [ is the electrode current intensity,
and A is the electrode effective surface area.

4.3 Displacement

The movement of a spherical bubble within a liquid can be described
by the balance between buoyancy and viscous forces
, d’x

— = Fu+ Fi' + Fa,

my (26)

with mj, = (4/3)7Rj(ps + 0.5p5) being the virtual mass of the
bubble [75], and F'r = —67 Ryn(da/dt) the viscous force accord-
ing to Stokes’ law (Re < 1). Small gas bubbles experience large
initial accelerations due to their small density, rapidly reaching a
steady-state regime. This justifies the employment of the ferminal
velocity, defined as the steady-state velocity of the bubble, as a phys-
ically meaningful parameter. An approximate expression of the ter-
minal velocity can be derived from the momentum balance in Eq, 26
by neglecting the acceleration term and making use of the simplified
total force expression given by Eq. 21

2R}

Ho A vol 2

KO Ax'V H, ~p) gl @
vy [2 X" VHy +(pg —ps) 9 @7
The validity of this expression is limited to small bubbles and low-
susceptibility gases and liquids. Similar formulations can be found

in the literature [34, 36].

5 Numerical analysis

A series of numerical results are here presented to better understand
low-gravity magnetic buoyancy and its applications in electrolysis
and phase separation. This preliminary analysis and system sizing
is made based on the previously introduced equations. For this pur-
pose, a TDK NEOREC 62 Series (HAL) neodymium magnet, one of
the strongest of its class commercially available, is considered. The
magnet is characterized by a residual magnetic flux density of 1430
mT*. Relevant physicochemical properties of water, gas hydrogen,
and gas oxygen at 25°C and 1 atm are given in Table 2.
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Tab. 2: Relevant physicochemical properties of water, gas hydrogen,
and gas oxygen at 25°C and 1 atm [70].

. P vol n
Material /o] [keg/m®] X [Pa-s]
H,O (1) 18015 997 —9.1-107%  0.0009

Hx(g) 2016  0.082 1-1071° -
O2(g) 31999 1308 3.73-107" -

In order to ease the presentation of results, an expression for the
effective magnetic body force distribution acting on a gas bubble
submerged in a magnetic liquid is first obtained. By applying the
Kelvin force density given by Eq. 8c and the Archimedes’ principle
as in the Sec. 3.3, one gets

Veff
m - /.LO

(G HVH — ' H*VH™). (28)
Since low-susceptibility liquids are being considered in the anal-
ysis, the surface force density can be safely neglected [66]. The
volume force density is first computed by means of finite-element
simulations in Comsol Multiphysics. The equations and boundary
conditions of the magnetic model are similar to the ones employed
in Ref. 43. Figure 5 shows the radial cross-section of the volume
force density field induced by a cylindrical magnet with 1 cm radius
and 0.5 cm height on a O3 bubble in water. Due to the small mag-
netic susceptibility of water, values of 1 nN/mm?®, corresponding to
an inertial acceleration of ~1 mm/s?, are reached at 2 cm from the
surface of the magnet.

Figure 6 shows the terminal velocity field (Eq. 27) of a 1 mm ra-
dius O2 bubble immersed in water and subjected to the influence of

4https://product.tdk.com/info/en/catalog/
datasheets/magnet_neo_summary_en.pdf, Consulted on:
10/06/2020
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Fig. 5: Radial cross-section of the magnetic force density induced
by a cylindrical magnet in an Oz gas bubble. The red arrows,
solid lines, and dashed lines represent the non-scaled force
vector, the constant force contours, and the magnetic flux
lines, respectively.
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Fig. 6: Radial cross-section of the microgravity terminal velocity v; induced by a cylindrical magnet in an Oz gas bubble with 1 mm radius
in water. The red arrows, solid lines, and dashed lines represent the non-scaled velocity vector, the constant velocity contours, and

the magnetic flux lines, respectively.

a permanent neodymium magnet in microgravity (g ~ 0). The red
arrows, solid lines, and dashed lines correspond to the non-scaled
velocity vector, the constant velocity contours, and the magnetic flux
lines, respectively. Three different cylindrical magnets magnetized
along the axis are studied, the first (a) with 10 mm radius and 5 mm
height, the second (b) with 20 mm radius and 5 mm height, and the
third (c) with 10 mm radius and 20 mm height. As expected, the ve-
locity vectors point towards the magnets. This can be employed to
induce phase separation and the detachment of gas bubbles from an
electrode or a boiling surface in low-gravity. The performance of the
magnets is hampered by the rapid magnetic field decay, leading to
terminal velocities of the order of 1 mm/s at approximately 15 mm
from their surface. Larger velocities are experienced in the corners
of the magnets, where the magnetic field gradient is maximum.

The magnetic body force is proportional to the gradient of the
magnetic field H and its module. When a quasi-uniform field is
generated, as observed near the axis of Fig. 6b, the magnetic forces
and terminal velocities are strongly reduced. It is then convenient
to select a magnetic configuration that maximizes the force exerted
on the bubbles. Similar problems appear in biomedical applications
dealing with magnetic drug delivery and targeting [76—79] or mag-
netic resonance imaging [80, 81], and have been faced by means
of Halbach magnet arrays. A Halbach magnet array is an arrange-
ment of permanent magnets that reinforces the magnetic field on one
side of the array and cancels it on the other [82]. These characteris-
tics are convenient for space applications, where the performance of
the magnet should be maximized, and its electromagnetic noise and
mass should be minimized.

Figure 7 represents a linear array of five 1 x 1 x 0.5 cm?®
neodymium magnets configured considering (a) aligned magneti-
zations, and (b) Halbach-oriented magnetizations. As in Fig. 6,
the terminal velocity map computed with Eq. 27 is represented. It
can be observed how the Halbach configuration produces an asym-
metrical magnetic field and a more homogeneous terminal velocity
distribution, with the 1 mm/s contour line staying at approximately
2 cm from the magnets along the x axis. However, the terminal ve-
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locity is shown to decay faster than in the linear configuration, as
exemplified by the 0.1 mm/s line. This characteristic may guide the
design of future phase separators. For instance, the linear config-
uration may be more suitable for the gas collection process due to
the convergence of the velocity vectors towards the extremes of the
magnet, while the Halbach array may produce a more homogeneous
magnetic force distribution over the electrodes.

These results can be easily extended to the KOH or NaOH
solutions studied in Sec. 3.4 by noting the linear dependence of the
terminal velocity with the volume magnetic susceptibility x*°'. Be-
cause this parameter is a 60-80% larger than that of pure water, the
performance of the system would be greatly improved. The Lorentz
force would also play a significant role due to the presence of free
ions, as reported in previous research [45, 46, 48, 49, 52]. Simi-
lar effects would be observed in applications involving ferrofluids,
whose magnetic susceptibility can be of the order of 10. Without
considering the many technical difficulties associated to their oper-
ation, such technologies could easily reach magnetic force values
equal or larger than the acceleration of gravity. This may lead to
large improvements in the productivity of the cell both on Earth and
in space.

The influence of the magnetic field on the break-of diameter of
an isolated bubble is finally explored in Fig. 8 by making use of Eq.
24. A 10 mm radius, 5 mm height cylindrical magnet is considered
in microgravity, assuming a contact angle of 6 =5°. The magnetic
Fritz equation predicts a reduction of the break-of diameter from
10 cm to few millimeters as the bubble approaches the magnet. The
employment of saturated KO H/N aO H solutions would reduce the
diameter by a 25% due to the increase in magnetic susceptibility, but
no significant differences are observed for Oz or Ha gas bubbles
due to their small magnetic susceptibility. These predictions should
however be taken with care, as the magnetic Fritz equation assumes
an homogeneous magnetic force in the bubble volume, and this as-
sumption is being violated in a significant portion of the solution
domain. Even if this was not the case, the Fritz equation describes
the detachment of an isolated bubble. Experimental observations
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Fig. 7: Two-dimensional simulation with 1 cm depth of the micro-
gravity terminal velocity v; induced by an array of magnets
in an O3 gas bubble with 1 mm radius in water. The black
arrows, red arrows, solid lines, and dashed lines represent
the magnetization direction, non-scaled velocity vector, the
constant velocity contours, and the magnetic flux lines, re-
spectively.

have shown that the break-of diameter in microgravity is actually
much smaller due to the interaction between bubbles located in the
first layer over the electrodes [12, 13, 15]. Numerical simulations

10%
B
g 10' ¢}
S ,
e A —H,00) + 0u(9)
F==7 0 e H,O(l) + Hs(g)
meme [KOH (5, 54.Twt%) + HyO(1)] + Os(g)
———-[NaOH (s,50wt%) + H>O(l)] + O2(g)
100 L ! ! ! !
0.5 1 1.5 2 2.5 3
z (cm)

Fig. 8: Bubble break-of diameter dy induced by a 10 mm radius,
5 mm height cylindrical magnet in the axis of symmetry.
Different gas-liquid pairs are considered with contact angle
0 =5°.

IAC-20,D1,3,5,x56351

based on the framework of analysis presented in Sec. 4.1 and exper-
imental results would be required to shed light on this problem.

6 Conclusions

The applications of magnetic buoyancy in low-gravity electrolysis,
boiling, and phase separation have been introduced. The magnetic
force would induce the early detachment of gas bubbles from the
electrodes, increasing the effective surface area and separating the
phases. A comprehensive theoretical analysis of the problem has
been presented together with simplified expressions that ease pre-
liminary studies.

Fundamental results are employed to show how modern
centimeter-size neodymium magnets induce a significant magnetic
force in gas-water flows at distances of the order of 2 cm. The
reachability of the system is increased by a 80% when saturated
NaOH and KOH electrolytes are considered. Future applications
may explore the use of ferrofluids, which exhibit larger magnetic
susceptibilities and a strong magnetic response. This would lead to
significant increases of the magnetic force, also enabling terrestrial
applications.

There are several scientific and technical questions of interest
that need to be solved before magnetic buoyancy is employed in
low-gravity technologies. A non extensive list includes studies of
the uncertainty in the bubble collection process, the experimental
and numerical study of magnetically-induced bubble detachment,
the development of reliable gas sinks, or the analysis of applications
employing ferrofluids, among others.
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