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ABSTRACT

The effects of magnetization forces in a binary mixture of gases characterized by large differences in magnetic susceptibility of species are
studied using numerical simulations, with a focus on the differential diffusion of the species and the role of the gradient of mixture
composition on the flow field resulting from magnetically-induced forces. A quiescent binary mixture of nitrogen and oxygen, representa-
tive of air, confined between two parallel plates is considered. In all simulations, a gradient of B2, the square of the magnetic flux density
magnitude, uniform and directed normal to the walls is imposed. Cases characterized by different pressures, different strengths of V(B?),
and different initial gradients of species composition are investigated, while the same initial temperature is used in all cases. Non-
dimensional groups related to the examined configuration are proposed. In cases characterized by an initially uniform mixture composition,
species tend to separate and accumulate at opposite walls, due to differential magnetic forces arising from the differences in magnetic sus-
ceptibility. For a given strength of V(B?), the effect of the magnetic field on the separation of species increases with decreasing pressure. In
addition to species separation, it is shown that an initial gradient in the mixture composition perpendicular to V(B?) induces a significant
change in the velocity field, which enhances the transport of species. This effect is due to a lack of alignment between the gradient of the
magnetic susceptibility of the mixture and V(B?) and could be exploited to achieve targeted mixing using engineered magnetic fields.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0319017

I. INTRODUCTION

The ability to control fluids using electromagnetic fields has long
been a goal of engineers and physicists. This led to the development

composed of a significant percentage of paramagnetic molecules,
notably oxygen,’ that naturally respond to magnetic fields without
necessity of additives. While the magnetic susceptibility of oxygen is
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of ferrofluids, where magnetic nanoparticles suspended in a carrier
liquid enable precise control over the motion, shape and properties of
the fluid through applied magnetic fields. Notable innovations
enabled by ferrofluids include advanced loudspeaker technologies,
rotary seals, medical drug delivery and microfluidic devices," demon-
strating the general applicability of electromagnetic control of fluids.”
Although ferrofluids have contributed to several revolutionary tech-
nologies, the requirement for specialized nanoparticles restricts their
use to applications where the introduction of magnetic nanoparticles
is acceptable. In addition, their application is limited to the control of
liquid fluids, where nanoparticles can be suspended. To achieve mag-
netic control over a gaseous flow, the magnetic properties of the spe-
cies in the gas mixture must be exploited. In this context, it is
important to note that even the atmosphere surrounding us is

orders of magnitude less than that of ferrofluids, various experimental
results indicate that a magnetic field can affect the behavior of oxygen
mixtures.” © Advances in high field strength electromagnets could fur-
ther enable forced diffusion of species and direct manipulation of gas
mixtures.” The prospect of controlling gas mixtures and fluids readily
available in our environment, such as air, without the addition of
nanoparticles represents a paradigm shift that could unlock new tech-
nologies in many different applications.

The effects of strong magnetic fields on gaseous flows have been
reported in various experiments and exploratory research. The inter-
action of magnetic fields with non-ferromagnetic fluids has primarily
been explored in the context of combustion and electro-chemical
applications. The gases of interest are non-conducting, therefore
restricting interactions to magnetization forces acting on magnetic
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species through magnetic field gradients. In combination with ther-
mal gradients, magnetic field gradients are found to induce significant
convection in pure gaseous oxygen,” a phenomenon attributed to the
thermal variation of the magnetic susceptibility of oxygen.’
Investigations in isothermal conditions have also shown that magnetic
field gradients can alter the shape of gas jets’ and cause their stagna-
tion.” In the context of reacting flows, magnetic forces have been
demonstrated to have significant effects on macroscopic properties of
flames.” '* A possible application of species diffusion driven by mag-
netic forces is the local enrichment of oxygen concentration in air.
Experimental studies have demonstrated the potential of this technol-
ogy, with up to 0.6% increase in oxygen concentration being
observed."”’

Although numerous studies exist on the effects of magnetic
forces on fluid flows, only very few investigations focus on differen-
tial diffusion effects induced by magnetic forces in multi-
component mixtures composed of species with different magnetic
susceptibility. Through a combination of experiments and numeri-
cal simulations, Yamada et al.'' concluded that in the hydrogen—
oxygen flame they investigated, the differential diffusion of OH,
which is a paramagnetic species present in the reaction zone, is neg-
ligible. However, this finding is difficult to generalize without a
comprehensive evaluation of the timescales of magnetically driven
diffusion. The magnetic field interactions with O,, and the conse-
quent change in the velocity field due to the bulk forces acting on
the flow, have been identified as the primary driver of magnetic
effects on the majority of combustion applications in the litera-
ture.' "' Note that in these studies, the effect of magnetic fields on
the differential diffusion of oxygen was not quantified. It should
also be noted that, based on the theoretical analysis of magnetiza-
tion forces in paramagnetic fluids by Butcher and Coey,'” a require-
ment for magnetically induced convection in a wall-bounded flow
is that the spatial gradient of the magnetic susceptibility of the mix-
ture and the gradient of the square of the magnetic field magnitude
are not aligned. Evidence from experimental studies of gas flows in
a magnetic field gradient further supports this observation.” This
implies that gradients of mixture composition and their orientation
may affect the formation of flow structures, a phenomenon that
should be further investigated.

This work investigates the effects of magnetic fields on the trans-
port of species in a canonical configuration comprising an initially
stagnating gas mixture between two parallel plates with a magnetic
force normal to the plates. The focus is on the differential diffusion of
species and the role of mixture gradients on species transport. A
binary mixture of N, and O, is investigated here, with a composition
representative of air. Note that oxygen is the most paramagnetic spe-
cies present in the air, whereas nitrogen is diamagnetic. The objectives
of this work are to (i) quantify the effects of magnetically forced differ-
ential diffusion on the separation of oxygen from nitrogen for a range
of densities of the mixture and strengths of the magnetic field; (ii)
identify non-dimensional groups and relevant timescales associated
with the diffusion process; and (iii) investigate the role of mixture
composition gradients on the magnetic force and resulting flow field.
The objectives are addressed through numerical simulations, where
the transport equations for species conservation, momentum and
energy with magnetic forcing are solved in a computational fluid
dynamics framework.

ARTICLE pubs.aip.org/aip/pof

Il. METHODS

In the following, the models used in the present investigation are
discussed. The formulation for the magnetic force acting on gaseous
species is first presented, followed by the equations solved to study the
transport, including differential diffusion, of a mixture of gases with
different magnetic properties. Then, the investigated configuration
and numerical setup are presented. Non-dimensional numbers are
then introduced together with the species equation in non-
dimensional form.

A. Magnetic force

The magnetic force of interest arises due to the magnetization of
different species (e.g., O,). It is assumed that no charged species are
present in the mixture, therefore the Lorentz force is zero. In para-
magnetic and diamagnetic materials, which include the gaseous spe-
cies of interest, and under the assumption of linear material, the
magnetization, M, of the material can be expressed as proportional to
the magnetic field H."

M = yH, (1)

where y is a proportionality coefficient called magnetic susceptibility.
The magnetic susceptibility is a material property that is dictated by
quantum physical phenomena. In the paramagnetic and diamagnetic
gases studied in this work, 7 ~ €(107°-107%) < 1, hence Eq. (1) can
be approximated as

B, (2)

where f1, is the vacuum magnetic permeability and B is the magnetic
flux density. The electromagnetic force density applicable to paramag-
netic and diamagnetic gases is the Kelvin force, derived through a
magnetic dipole model of magnetism,'” formulated as

F = 1y(M - V)H. 3)

Combining Eq. (3) with Eq. (1), and assuming that no currents
are present in the domain (V x H = 0 from Maxwell Equations), the
force model can be decomposed into two terms'”

F:V(%XH-H) —%OH~HV;{, 4)
Pruag Korteweg—Helmholtz

which is equivalent to Eq. (3). The first term on the right-hand side of
Eq. (4) is expected to cause a readjustment of the pressure in the fluid
flow that is balanced by the walls."” The second term is the so-called
Korteweg-Helmholtz force, a force that arises from variations in the
concentration of species throughout the domain. In flows with high
gradients of concentration of paramagnetic species, this term may
become dominant and induce a bulk flow.'” Note that, as observed in
Ref. 15, a condition for hydrostatic equilibrium is that the magnetic
force is irrotational. In this context, a more convenient decomposition
of the magnetic force is provided by the Helmholtz decomposition,'”
which allows for separating the irrotational and rotational compo-
nents of the force field. This decomposition will be used in the present
work to analyze the contribution of force terms to the resulting flow.
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The formulation of the force in Eq. (3) can be simplified under
the assumption of Eq. (2) to derive a formulation for the force per
unit mass due to a magnetic field gradient

2

fm =
21,

V(B?), )
where 7, is the mass susceptibility (in m’/kg; e, %, = 1/ p> with
being the volume susceptibility at the same conditions at which p is
evaluated). The force formulation in Eq. (5) is commonly found in
the literature for paramagnetic and diamagnetic species.”' In the pre-
sent investigation, experimentally measured values of magnetic sus-
ceptibility are used.” For species found in the air, the values for , are
summarized in Table I. Air is approximated as a mixture of O, and
N, as other species are diamagnetic and have a very low concentra-
tion. Note that the literature reports magnetic susceptibilities only for
a limited range of species and for a relatively narrow range of temper-
ature. In this study, ambient temperature is used for all investigated
cases. The investigation of the effect of temperature on the transport
of species under a magnetic field, which includes the modeling of the
dependence of y on temperature,'® is left for future studies.

B. Mathematical model for the gas mixture

The investigation is performed by solving the equations for the
conservation of mass, species and energy, and the momentum balance
for a multicomponent non-reacting gas. These equations take the
form proposed by:"”

* Mass conservation:

dp  Opu;
— =0. 6
ot 8x,« ( )
* Momentum balance:
Opuj  Opuju; (?p 81,]
__7 Yifei- 7
ot Ox; + T E e @)
* Conservation of kth species:
OpYy | OpuYy  OpViiYx
a TTom T om ®)

¢ Conservation of total energy (internal and kinetic):

OpE  OpwE  Opu; Og; Oty
ot dx;  Ox; Ox; 0x;

+ ZYkﬁczur+sz) (9)

TABLE I. Magnetic mass susceptibilities, y,,, of common gases found in the atmo-
sphere, in S| units. Magnetic susceptibilities have been taken from Ref. 3 and con-
verted into mass susceptibilities. The temperature at which the susceptibility of
each gas was measured is also reported.

Species of interest

%, (SIm® /kg) Temperature (K)

0, 1.355 x 107° 293
N, —5.38 x 107° 298
Ar —6.165 x 107° 298
CO, —5.999 x 107° 298

ARTICLE pubs.aip.org/aip/pof
where g; is given by:
ar
4= —ﬂya—%+p;hmvk,i. (10)

In the equations above, p is the density, u; is the velocity, p is the pres-
sure, 7; is the viscous stress tensor, Yy is the mass fraction of species
k, fi.i is the force per unit mass acting on species k, N is the total num-
ber of species in the mixture, V} ; denotes the diffusion velocity of spe-
cies k, E is the total energy, g; is the heat flux, 4 is the thermal
conductivity, T is the temperature, hy is the sensible enthalpy of spe-
cies k, t denotes time, and x; is the generic spatial coordinate (note
that later in the analysis we will use x, y, and z to indicate the spatial
coordinates, as shown in Fig. 1). The magnetic force is considered the
only body force acting on the gas, and Eq. (5) is used to evaluate the
magnetic force acting on each species.

The diffusion velocity, Vi, in the most general form is found
using™’

N N
VXk:Z);k—f’(Vj— Vk)+(Yk—Xk)%+§ZYij(fk—ﬁ), (11)
=1 ki 1
where Dy is the binary molecular diffusion coefficient of species k into
j» and X is the mole fraction of species k. The term related to body
forces is zero if the force per unit mass is the same for all species (e.g.,
this is the case for the gravitational force). Since there are orders of
magnitude of difference between y of different gases (e.g., see Table I),
the term related to volume forces is non-zero in the case of magnetic
forces. Neglecting the term related to pressure gradient'”, and using
Eq. (5) to model the magnetic force per unit mass, the magnetically
forced diffusion velocity of species k can be expressed in the following
form

v.— _DeVYe DYW pD W,V (B i
Ty, W 2pWi, (Xok = Zpj)

j=
N 2
D,VY,, D,VW pD, W,V (B
Y, - Y;
+m2 m Ym + W ZPW/,LO ]:Zl ] /pm lp] b

(12)

where Dy is the diffusion coefficient of species k into the rest of the
mixture, W is the mixture-averaged molar mass, and Wy is the molar
mass of species k.

These equations were solved using a finite volume approach by
means of a custom solver implemented in OpenFOAM-v10.”" The
PISO algorithm was used for pressure-velocity coupling.

C. Configuration and investigated cases

An initially quiescent mixture of N, and O, between two infinite
parallel walls separated by a distance L is considered, as schematically
shown in Fig. 1. The effect of magnetic forces on the separation of
species and relevant timescales is investigated by considering an ini-
tially uniform composition of the gas with a mass fraction of oxygen,
Yo, equal to 0.233. To investigate the effect of composition gradients
on the formation of flow structures, a spatially varying initial profile
of Yo, is imposed (note that the initial profile of nitrogen mass frac-
tion also varies in space such that Yy, = 1 — Yo,). In all simulations,
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FIG. 1. Schematic of the investigated configuration (left) and computational mesh used in the simulations (right). For visualization purposes, a coarser grid with the same
topology as the grid selected for this study is shown. The inset on the right shows the refinement close to the wall. The frame of reference used in the analysis is also shown;

its origin is located at the center of the domain.

a constant and spatially uniform V(B?), oriented perpendicular to
the walls in the positive y-direction, is applied from ¢t = 0 (as if an
electromagnet is suddenly switched on after the mixture reaches its
initial conditions). This magnetic field induces forces in the direction
normal to the walls such that species can accumulate in the vicinity of
either wall. Note that the choice of a magnetic field with such charac-
teristics was made to provide a simple reference configuration and is
purely hypothetical. The practical implementation of this magnetic
field is not necessarily trivial. Theoretical studies suggest that obtain-
ing a spatially uniform V(B?) is not possible over a finite domain,””
although in practical experiments it has been reported that non-
uniformity can be limited to as low as 2% in specifically designed
magnetic setups.”” The feasibility analysis and magnetic circuit design
required to achieve magnetic fields that closely approximate the con-
figuration investigated in this work, especially at large spatial scales,
are left for future work. Therefore, the reported results should be con-
sidered as an exploratory study to quantify under which magnitudes
of |V(B?)] diffusion effects are relevant, as no such quantification
exists in the literature.

The effect of magnetic forces on the diffusion of species is mainly
a function of pressure and temperature of the mixture, as well as of
the magnitude of V(B?). In this work, the initial temperature, T, of
the mixture is kept the same in all simulations. A uniform value of T
equal to 300K is used. Since the initial temperature is the same in all
cases, a change in the initial pressure, py, implies a change in the den-
sity of the mixture. As far as investigations with a uniform initial com-
position of the mixture are concerned, simulations with different
values of initial pressure (i.e., density) and |V (B?)| are performed, as
summarized in Table II. Pressures were chosen to be representative of
a wide range of applications, from air-purification systems to power
generation and mobility. The value of |V(B?)| quoted in the literature
varies significantly according to the field of research. In experiments
of flames under magnetic field gradients,” the values of |V (B?)| typi-
cally do not exceed 300T*/m. However, in the literature on high
magnetic separation technologies (related to separating magnetized
nanoparticles in fluids), it is reported that values of |V(B?)| of
0(10°)T? /m are obtainable at small distances.””

TABLE II. Summary of the investigated conditions. Note that all the different pres-
sures (densities) cases were simulated for |V (B?)| = 10* T2/m, whereas a repre-
sentative case of py = 10kPa was chosen for varying |V(B?)|. All simulations
were performed at Ty = 300 K.

Quantity Units Investigated values
Po kPa 10; 100; 1000
|V(B?)| T/m 10%; 10%; 10°; 10°

As far as simulations with a non-uniform initial mixture
composition are concerned, two cases are investigated, corre-
sponding to initial gradients of composition either parallel or
perpendicular to V(B?). Note that a gradient in composition
also implies a gradient in mixture susceptibility. To ensure peri-
odicity of the simulation in all configurations, a sine function
with a period equal to the domain length was used to initialize
the mass fractions of O, and N,. For the case with initial gra-
dients of composition parallel to V(B?), species mass fractions
vary along y, with the initial profile of oxygen mass fraction
given by Yp,o=0.233+0.233sin(2y) and Yy, =1- Yo,p.
For the case with initial gradients of composition perpendicular
to V(B?), species mass fractions vary along x, with
Yo,0 = 0.233+0.233sin(2£x). Both cases are investigated at
po = 10kPa, Ty = 300K and with |V(B?)| = 100 T?/m.

D. Numerical setup

The configuration is modeled by means of a cuboid of side
L = 0.1 m, with walls on the top and bottom faces, and periodic
boundaries on all the other faces. This is schematically shown in
Fig. 1, which also shows the Cartesian frame of reference used
for post-processing. The walls are positioned normal to the y-
direction. The domain is Discretized with a hexahedral mesh of
12 x 10° cells. The grid spacing is uniform along x and z, while
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refinements close to the wall are used in the y-direction (see inset in
Fig. 1) with a maximum aspect ratio of 3.3 for the first layer of cells
next to the wall. Second-order filtered linear schemes were used for
species, energy and momentum divergence terms, whereas all the
other differential operators were discretized by means of central
differencing schemes. A first-order accurate Euler scheme was used
for time discretization. The maximum Courant-Friedrichs-Lewy
(CFL) number in all simulations was lower than 0.01.

Custom boundary conditions were implemented for the
species and pressure fields at the walls. Specifically, in the case of
a non-permeable wall, the boundary condition for the species
should ensure that the diffusion velocity normal to the wall is
zero. This is achieved by setting the gradient of the Yy field at the
wall so that the component of Vi normal to the wall becomes
zero. This condition is obtained from Eq. (12) by enforcing zero
diffusion velocity normal to the wall; after rearranging and sim-
plifying, an expression for the gradient of Y normal to the wall
can be written as

VnYkl

_Lvw kaWkV(Bz)i gk = 1,5 *m
i\Xp, ]

n=
v W Zp W:uO j=1
D,VY, D,VW
Y, w

_721,]'(1107”1 - Xp]) (13)

pD,, W,V (B2) & } .
= 7

where n is the vector normal to the wall boundary and V,, indicates
the gradient evaluated along the wall-normal direction. The pressure
field also requires an adjusted boundary condition, in order to balance
the magnetization force at the wall boundary. This is implemented as
proposed by Ref. 25, so that the pressure gradient is equal to the force
normal to the boundary

Vnp\wau = pfm - m, (14)

where the force component on the right-hand side is evaluated at the
wall. To characterize the evolution of species over time and their
potential accumulation close to the wall, the mass fraction of a species
of interest is integrated over a series of cut planes parallel to the wall.
The integrated quantity for a generic species k and for a plane located
aty = y*, defined as

ARTICLE pubs.aip.org/aip/pof

Yvk(}’*7l’) :%JJAkaXdZ, (15)

is monitored over time. These planes are distributed equally through-
out the direction normal to the wall (i.e., the y-direction) to give a spa-
tial profile of the plane-average species mass fraction.

The custom OpenFOAM solver used in this work was vali-
dated against a time-varying analytical solution of the diffusion
equation without magnetic forcing and the analytical solution of
the steady-state species mass fraction profile under magnetic forc-
ing. The numerical results demonstrated excellent agreement with
the analytical solution, confirming the accuracy of the implemen-
tation and numerical setup. Further details on the validation are
given in Appendix B. Moreover, a mesh sensitivity analysis, per-
formed on the first case in Table 111, confirmed that solutions are
mesh-independent within the computational accuracy of the
solver.

E. Non-dimensional quantities

To identify relevant scales of the problem and generalize the sys-
tem’s behavior over a wider range of conditions, the following non-
dimensional groups can be identified according to the Buckingham-
Pi theorem

X = 9 i — ’ Z = ’ .Z) = 6 = Lv7
L ' Mo pol? Po
- PoDx 1 w 5 - ppol?
Di=——; W= i Tk = PoXpi = ;
Mo Wref k %ok P '7%
&= V(B?)pL’

No’?%

where p, and 7, are the average density and dynamic viscosity of the
mixture in the initial state. A further non-dimensional group could be
added to represent the initial species gradient in simulations involving
a non-uniform initial mass fraction of species. Note also that the
investigated configuration is a transport problem with no imposed
bulk flow. For configurations involving an imposed bulk flow, differ-
ent non-dimensional groups can be derived using a characteristic
velocity scale. Using the proposed non-dimensional quantities, the
transport equation for the species mass fraction can be expressed in
non-dimensional form as

TABLE IIl. Non-dimensional quantities corresponding to the cases given in Table Il. Other non-dimensional groups remained identical between different cases. The non-
dimensional quantities representing pressure, density and molecular diffusivity of the kth species were evaluated at the initial conditions of the simulations, denoted by a sub-

script 0; the dynamic viscosity, 1y, was evaluated for air at To.

Condition investigated Do Do |G| %o, Do
po = 10kPa |V(B?)| = 10* T?/m 3.402 x 10" 1.0 2.702 x 10%° 1.573 x 1077 1.0
po = 100kPa |V(B?)| = 10* T*/m 3.402 x10'2 1.0 2.702 x 10 1.573 x 107° 1.0
po = 1000 kPa |V(B?)| = 10* T?/m 3.402 x10™ 1.0 2.702 x 10" 1.573 x 107° 1.0
po = 10kPa |V(B?)| = 10> T?/m 3.402 x 10" 1.0 2.702 x 10" 1.573 x 1077 1.0
po = 10kPa |V(B?)| = 10° T*/m 3.402 x10%° 1.0 2.702 x 10 1.573 x 1077 1.0
po = 10kPa |V(B?)| = 10° T*/m 3.402 x10'° 1.0 2.702 x10Y 1.573 x 1077 1.0
Phys. Fluids 38, 057112 (2026); doi: 10.1063/5.0319017 38, 057112-5
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s po= 10 kPa po= 100 kPa po= 1000 kPa
E oo
>
-0.05
0 d: 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (s) Time (s) Time (s)

0.233000
O3 Mass Fraction

0.232423 0.233577 0.232814

0 Mass Fraction

0.233000
02 Mass Fraction

0.233000 0.233186 0.232941 0.233059

FIG. 2. Evolution of oxygen mass fraction (along the y-direction) over time for different pressures, at Ty = 300K and |V(B?)| = 10* T2/m. Note that different color scale
ranges are used for each pressure condition to better highlight variations in oxygen mass fraction.

OpYe OpinYy
ot Ox;
J . Dk@Yk D;ﬁW DvakﬁG N - ~
=7 5y, ML l (7 — 7
%, k{ Ye + W 2BW ; i (k= 7))
N v ~~ N
- |VY, VW W,pG N N
— Ym m + - ~—= Y; Im — i .
mz::l Yo = W 2pW ; i(tn = 15)

The evolution of species mass fractions as a function of the non-
dimensional time is used to provide further understanding of the
timescales involved in species diffusion. Verification of the proposed
non-dimensional quantities through a scaling of the domain is pro-
vided in Appendix A. The non-dimensional quantities representing
the magnetic field gradient, initial pressure and initial density are
summarized in Table III for all investigated cases.

Ill. RESULTS AND DISCUSSION
A. Simulations with a uniform initial mixture
composition

The time evolution of species mass fraction in simulations ini-
tialized with a uniform mixture composition is investigated first.

These results show that the mass fraction of species tends to be uniform
in planes parallel to the wall. Therefore, the time evolution of the mass
fraction of one of the mixture components along the y-direction gives a
good representation of the system behavior. This is illustrated in Fig. 2,
where the profile of oxygen mass fraction along y as a function of time is
shown for cases at |V(B?)| = 10* T%/m and different pressures. Results
demonstrate that oxygen tends to accumulate close to the top wall, in the
direction of V(B?), and to be removed from the bottom wall region. At
Po = 10 kPa, the oxygen mass fraction in the region close to the top wall
reaches Yo, ~ 0.2336 after 25s (see also Fig. 3). This magnetically
induced separation of gas components decreases with increasing pres-
sure. Furthermore, the mass fraction distribution is approximately sym-
metric with respect to the midplane (parallel to the wall) of the domain.
To further compare the time evolutions of composition in the
domain, the mass fraction of oxygen in a plane close to the top wall
(where the concentration of oxygen is maximum) is shown in Fig. 3
for each of the conditions in Table II. In general, at lower pressures
(i.e., lower densities), a larger separation of the mixture components
is observed at the same simulated time. For a given pressure, this sep-
aration effect increases with increasing |V (B?)| as a consequence of
the increase in magnetic forces. For the highest value of |V (B?)]
investigated here, the oxygen enrichment in the region close to the
top wall is higher than 20% in the simulated time (note that this
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/// “ axis.
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FIG. 4. Evolution of the oxygen mass frac-
tion at 2y /L = 0.99999 (left) and standard
deviation of oxygen mass fraction (evalu-
ated over the y-direction, right) as a func-
tion of non-dimensional time, for different
pressures at [V(B?)| = 10* T%/m, and for
various  values of |V(B?)| at
po = 10kPa.

simulation was performed with an initial pressure of 10 kPa), corre-
sponding to an oxygen mass fraction of about 0.29. Such a change in
oxygen concentration is quite significant and, for example, may be
exploited in applications involving chemical reactions between a fuel
and oxygen to change the local oxygen-fuel ratio and, therefore the
local behavior of the reacting system. It is also interesting to note that
the rate of increase in oxygen mass fraction over time decreases with
increasing time leading to a “saturation” of the magnetic separation.
This is possibly due to a balance between magnetically forced diffu-
sion and molecular diffusion. Overall, the results provide evidence
that low densities and high magnetic field gradients favor an early sep-
aration of oxygen when evaluated with reference to the physical time.

To further analyze the evolution of oxygen separation at differ-
ent conditions, Fig. 3 is made non-dimensional using the derived
non-dimensional groups. The evolution of Yo, as a function of non-
dimensional time in a plane close to the top wall is shown in Fig. 4,
together with the standard deviation of Y, in the domain. The latter
provides an alternative metric for evaluating the extent of oxygen sep-
aration throughout the domain. As shown in Fig. 4, cases with the
same |V (B?)| but different initial pressure (it is reminded that the ini-
tial temperature is the same for all cases) are characterized by the
same evolution of oxygen accumulation over non-dimensional time.
It is of interest to note that all these cases have different values of G
and of the non-dimensional groups representing the initial pressure
and mass susceptibility of species (see Table I1I); however, the term
Gi/ P, remains the same for all these cases. Inspection of the non-
dimensional transport equation for species mass fraction, i.e., Eq.
(16), shows that the term related to magnetic forces is proportional to
G7/p, which justifies the same evolution of oxygen mass fraction in
non-dimensional space for all simulations at constant |V (B?)| and
varying pressure. However, varying |V (B*)| at constant pressure and
temperature significantly modifies the non-dimensional behavior of
the system, with oxygen separation (at the same non-dimensional
time) that increases with increasing magnetic force.

To determine the underlying contributions to the forced diffu-
sion velocity of oxygen, the values of the individual terms of Eq. (12)
are compared in Fig. 5 at a selected time instant. All individual contri-
butions were sampled along the x-centreline of the domain. Note that
the diffusion velocity is only induced along the y-direction [aligned

with V(B?)]. The analysis of the individual terms of the diffusion
velocity clearly indicates that the separation of species is driven by the
competition between magnetically forced diffusion and molecular dif-
fusion. Both these terms have a magnitude of the order of
0(107°) m/s and contribute to the diffusion velocity in opposite
directions. The other terms in Eq. (12) are at least one order of magni-
tude smaller. This also suggests that the spatial variation of the mix-
ture average molecular mass has little effect in the investigated cases.
Note that at the time instant shown in Fig. 5, the system has reached
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FIG. 5. Mean contributions of individual terms of the diffusion velocity of Oy, i.e.,
Eq. (12) applied to oxygen, sampled along the x-centreline of the computational
domain, for the case at Ty = 300K, py = 10kPa and |V(B?)| = 10* T%m. The
analysis has been performed at t = 41s, at which the system has reached a
quasi-steady-state behavior. V. refers to the last term in Eq. (12), which is the
correction velocity used to ensure mass conservation. The diffusion velocity is
obtained by summing the four terms together.
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steady-state, and the net diffusion velocity resulting from all terms is
approximately zero. The competing effect between magnetically
forced diffusion and molecular diffusion is further supported by the
fact that if the magnetically forced stratification is allowed to decay
through the removal of the magnetic field, the oxygen near-wall mass
fraction will return to the equilibrium in a typical diffusion-like decay
(not shown here).

B. Simulations with a sinusoidal variation in the initial
mixture composition

In all cases discussed in Sec. III A, the body force acting on the
fluid is counterbalanced by a pressure gradient, such that no bulk
flow is induced by the magnetic forces. This is consistent with the
decomposition of the body force into irrotational and rotational com-
ponents. In the cases characterized by a uniform initial mixture com-
position, the rotational component of the magnetic force is zero
throughout the simulation, whereas the irrotational part is balanced
by the pressure field. To further study the effect of a rotational force
on the flow field, cases with a gradient in mixture magnetic suscepti-
bility are investigated next. When simulations are initialized with
sinusoidal profiles of O, and N, mass fractions, which implies a non-
uniform mixture-averaged y, the Korteweg-Helmholtz force becomes
non-zero from the start of the simulation. However, if the gradient of
7 is aligned with the direction of V(B?), the Korteweg-Helmholtz
force is still irrotational and counterbalanced by a pressure gradient
(as also observed at later stages in simulations initialized with a uni-
form mixture); therefore, the magnetic force does not induce bulk
flow (this corresponds to the case initialized with a sinusoidal varia-
tion in mixture composition along y, not shown here). Conversely,
when Vi x V(B2) # 0, as in the case initialized with a sinusoidal
variation in mixture composition along x, flow structures are induced
by the rotational component of the magnetic force, as shown in Fig. 6.
In other words, cases where Vy || V(B?) do not show an induced
flow, while significant flow structures are observed when Vy LV (B?).
It is noteworthy that the values of |V(B?)| required to induce flow
structures in the presence of a gradient in mixture composition are
much lower than those required to observe a significant differential
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diffusion of species within the simulated time. These results show that
a non-zero Vy can induce flow structures in a gaseous mixture when
Vy is not aligned with V(B?). This is consistent with the observations
of Ref. 15. Note also that in the presence of an irrotational magnetic
field, the vorticity equation includes a forcing term proportional to
Vy x V(B?), which is non-zero when Vy }f V(B?). It is also worth
noting that in the configuration initialized with a sinusoidal profile in
mixture composition perpendicular to V(B?), the flow structures
evolve in time until the species composition reaches the equilibrium
state characterized by a species composition gradient normal to the
wall [ie., in the same direction as V(B?)]. To further support the
analysis, the y-component of the pressure gradient and irrotational
and rotational components of the magnetic force are shown in Fig. 7.
The rotational force contributes to the dynamics of the flow, whilst
the irrotational force is balanced by the pressure gradient. The rota-
tional component of the magnetic force is also the main source of vor-
ticity in this configuration. The implications on the flow behavior
should be further investigated in future work for a range of
conditions.

IV. CONCLUSIONS

The effects of the magnetization force on the transport of oxygen
in air have been investigated using numerical simulations, with a
focus on differential diffusion of species and the role of mixture com-
position gradients in generating flow structures. A reference configu-
ration consisting of air between two parallel plates, initially at rest, has
been considered. It is demonstrated that in the case of a uniform
V(B?) perpendicular to the walls and with a uniform initial composi-
tion of the mixture, the difference in magnetic susceptibilities of the
species results in a separation of oxygen from nitrogen, leading to a
stratification of the species close to the walls. The effect is more prom-
inent at lower densities of the mixture and for higher magnitudes of
V(B?). Non-dimensional groups are proposed to demonstrate the
scaling of the various physical quantities involved in the problem and
to generalize the results on species stratification to conditions differ-
ent from those investigated here. Analysis of the various contributions
to the diffusion velocity of species indicates that the stratification
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FIG. 6. Contour plots of the instantaneous oxygen mass fraction in a plane perpendicular to the walls centered at z = 0 for a simulation run with an initial sinusoidal oxygen
mass fraction profile along the x-direction. The left plot shows the Yo, distribution at t = 0's; the plot on the right shows the Yo, distribution at t = 1. Arrows aligned with
the induced velocity field are shown on the plot on the right. The investigated condition is at py = 10kPa, Ty = 300K and |V (B?)| = 102 T2/m.
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FIG. 7. Contour plots of the same case shown in Fig. 6 at t = 1s; the left panel shows the instantaneous gradient of pressure, Vp, in the y-direction; the panel in the center
shows the instantaneous irrotational component of the magnetic force along y; the panel on the right shows the rotational component of the magnetic force along y. Glyphs
are aligned with the projection of the vector fields in the x-y plane. At t = 1s, velocity magnitudes of up to about 0.4 m/s were quantified. All forces are in N/m®.

effect is primarily caused by a competition between molecular diffu-
sion and magnetically forced diffusion. It is also observed that magne-
tization forces may induce flow structures when a gradient in
magnetic susceptibility not aligned with V(B?) is present. This pro-
vides further corroboration of the conditions needed for magnetic
forces to induce convection in a gas flow. The present investigation
provides fundamental understanding of the effect of magnetic fields
on the transport of species in multi-component gases, which has the
potential of opening up avenues for new technologies for the control
of mixing in gaseous flows, with applications reaching high-efficiency
oxygen production and medical applications.
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APPENDIX A: SIMULATIONS WITH VARIABLE L

In all cases discussed in Sec. ITI, the domain length, L, is kept
the same. To further verify the proposed non-dimensional groups,

simulations of three physically scaled cubic domains of side lengths
L =0.1, 0.125, and 0.15 m, respectively, are performed. The base case is
the configuration at py = 10kPa, Ty = 300K, |V(B?)| = 10* T*/m,
and L = 0.1 m. Keeping the temperature constant, the values of initial
pressure, V(B?), and y, for each value of L are calculated such that
G7/p, are the same as in the base case. The resulting non-dimensional
evolutions of the oxygen mass fraction at 2y/L = 0.99999 are shown in
Fig. 8. As expected, these results are identical for the three simulated
cases, confirming the proposed non-dimensional scaling. It is interest-
ing to note that for larger domains and the same initial mixture
conditions, lower values of |V(B?)| are required to obtain the same
separation effect, indicating that a given magnetic field is more effective
when used in larger domains. This has important implications for prac-
tical implementation. This is also evident from Eq. (16) and the term
G7/p- To keep this term constant (same non-dimensional response of
the system), an increase in L should be counterbalanced by decreasing

[V(B2)].

APPENDIX B: SOLVER VALIDATION

Validation of the custom OpenFOAM solver was performed
through comparison with analytical solutions of the diffusion

0.23330
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FIG. 8. Non-dimensional mass fraction of oxygen for different physical domain sizes,
L €{0.1,0.125,0.15} m, pressures  py € {10%,80 x 10°,66.66 x 10°} kPa,
gradients |V (B2)| € {10%,6.4 x 10% 4.44 x 10°} T?m, and oxygen mass suscep-
tibilties  , € {1.355 x 107°,1.694 x 107°,2.0325 x 10~° } mkg, ' respectively.
These results have been sampled at a plane 2y/L = 0.99999.
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FIG. 9. Analytical solution to the 1D diffusion equation of oxygen mass fraction, and numerical solution (from our CFD solver) overlaid. The analytical solution is shifted by
L/2 to move the origin to the center of the domain, as in our CFD setup. For the analytical solution, 500 terms of the Fourier series were realized to ensure sufficient

smoothness.

equation without and with magnetic forcing. For the case without
magnetic forces, the diffusion of an inhomogeneous mixture
between two parallel plates is considered. The mixture is initially
characterized by two different compositions in the regions below
and above the midplane (parallel to the walls). Considering walls
located at y = 0 and y = L, the initial mass fraction of oxygen is

09 0<y<L/2
Yoz(y’o)*{m L)2<y<L,

where y is the direction normal to the walls, and L = 0.1 m. The
analytical solution to this problem with zero-gradient boundary
conditions at the walls is in the form of a Fourier series

2. 1.6 nm nmy -’ Dt
Yo,(y,t)=0.5+» —sin (—) cos (—) exp (7> . (B1)
; nm 2 L L2

Note that this solution is valid for a constant diffusivity and does
not take variations in density into account. The same problem was
simulated using the solver developed in this work. The
numerics used in the CFD simulation were the same as those used
in the simulations reported in the paper. Since this validation case
has no imposed magnetic field, V(B*) = 0 has been used in the
simulations. Yy, was initialized as Yn, = 1 — Yo,. In addition, to
remove any additional diffusion due to VW, the same value of
molecular mass, Wy, was used for all species (for validation pur-
poses only). A comparison between the analytical solution and the
numerical results for ¢+ <3.0s is shown in Fig. 9. The solution
obtained with our custom OpenFOAM solver with zero magnetic
field is in excellent agreement with the analytical solution, demon-
strating the reliability of the solver and numerical setup for the
solution of a diffusion problem.

For the validation with magnetic forcing, an analytical solu-
tion is available for the steady state profile of oxygen mass fraction.
In the steady state, the diffusion velocity is constant throughout the
domain. Since walls are impermeable, the diffusion velocity in the
direction normal to the wall is equal to zero. In a binary mixture of
0O, and N,, the steady state profile of the species can be found from

Eq. (12) by imposing zero diffusion velocity. This equation can be
solved analytically. For a 1D problem and spatially uniform and
constant y,;, T and V(B?), the species mass fraction profile is
described by Eq. (B2)

WLozln (Yo,) — WLNZln (1-Yo,)

- %m [Wo, + (Wx, = Wo,)Yo,]

- %%y +G (B2)
0.23361 — Analytical
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FIG. 10. Analytical solution to the steady state profile of oxygen mass fraction
when |V(B?)| = 10* T%m. The corresponding CFD solution, obtained for
po = 10kPa, at t > 42 is overlaid.
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where C is an integration constant that is determined from mass
conservation. The same problem was simulated with the CFD
solver developed in this work. The steady-state numerical result of
a selected case is compared with the analytical solution (obtained
using a root finding method) in Fig. 10. The results demonstrate
that the solver is able to predict the steady state behavior of the sys-
tem with excellent accuracy, therefore providing further validation
of the developed framework.
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