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Quantitative Analysis of Air Convection
Caused by Magnetic–Fluid Coupling
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Magnetic attractive forces acting on paramagnetic oxygen have recently been found to induce gas � ow and
promote combustion. The study of the interaction between electrically nonconducting gases and magnetic � elds
is a new interdisciplinary research area called “magnetoaerodynamics.” The authors present the magnetic body
force acting on the gas and the governing equations for magnetoaerodynamics. The authors used these equations
to evaluate the N2–air jet numerically to understand the mechanism and physics of this phenomenon. The key
results are as follows: 1) The magnetic body force becomes nonconservative under gradients of both the O2 gas
concentration and the magnetic strength. 2) The numerical analyses clarify the mechanism of the coupling between
magnetic forces and the convective motion and indicate the existence of air convection and the N2 jet due to the
nonconservative magnetic body force. 3) The maximum velocity of the N2 jet, umax, increases with the magnetic
strength at the center of the magnet, B0. For B0 = 1:5 T and entrance velocity of the N2 gas of 7.4 cm/s, umax = 44
cm/s. 4) Measured velocities were in good agreement with our simulation. This study suggests the potential use of
magnetic � elds to control gas � ows and combustion.

Nomenclature
B = magnetic � ux density
B0 = magnetic � ux density at the center of the magnet
D = diffusion coef� cient
fm = magnetic force per unit volume
f 0
m;i = magnetic force per unit mass on species i

H = magnetic � eld intensity
h = enthalpy
j = electric current density
n = unit vector normal to the surface
p = gas pressure
q = heat-� ux vector
T = gas temperature
u = gas velocity
V = diffusion velocity vector
Wi = molecular weight of species i
wi = rate of production of species i by chemical reactions
Yi = mass fraction of species i
¸ = thermal conductivity
¹ = magnetic permeability
¹r = relative magnetic permeability
¹0 = absolute magnetic permeability of vacuum
º = viscosity coef� cient
½ = gas density
¾ = stress tensor
’m = magnetic potential
Â = magnetic susceptibilityper unit mass
Ã = stream function
! = vorticity
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I. Introduction

M ANY papers have reported on magnetically induced � ows of
electrically conducting � uids,1 i.e., magnetohydrodynamics

(MHD). However, except for the works related to ferromagnetic
� uids, therehave been few studieson magnetically induced � ows of
electricallynonconducting� uids. Recently,oxygengas (O2), which
is paramagnetic, and air have been found to behave like magnetic
� uids.2 The paramagnetism of O2 originates from the parallel spin
of the two outer-shell electrons of an O2 molecule,3 and O2 gas has
a positive and large magnetic susceptibility Â . The absolute value
of Â for O2 is a few hundred times as large as that for diamagnetic
gases4 such as nitrogen (N2), carbon dioxide (CO2), and argon (Ar).
Because of its paramagnetism, the � ow of either O2 gas or air is
easily affected by magnetic � elds.

Recent experimental studies2 ;5 ;6 have shown that magnetically
induced gas � ows occur when gradients of both the O2 gas concen-
tration and the magnetic � eld exist. When N2 gas is injected into
air in the direction of a decreasingmagnetic � eld, it acceleratesand
behaves like a jet stream,5;6 as shown in Fig. 1a. In the absence of
magnetic � elds, however, N2 gas � ows very slowly (Fig. 1b). Fur-
thermore, these magnetically induced gas � ows have been found to
promote combustion in diffusion � ames6 and sustain � ames under
microgravity conditions,7 where such � ames were otherwise found
to be extinguished.8 These phenomena are explained qualitatively
by consideringthe magneticattractive force acting on paramagnetic
O2 gas.

Applications of these magnetic effects hold particular promise
for the control of gas � ow and combustion. For example, the phe-
nomenon shown in Fig. 1 suggests the possibility of accelerat-
ing or ventilating gas � ows without a fan. However, up to now
there has been no theoretical description and no quantitative eval-
uation of these effects. This new research area, magnetoaerody-
namics, requires interdisciplinaryresearch involving the interaction
between � uids (paramagnetic and diamagnetic gases) and magnetic
� elds.

In this paper we present, for the � rst time, a theoretical descrip-
tion of magnetoaerodynamicsand describethe magnetic body force
acting on an O2 gas mixture and the general governing equations
for magnetoaerodynamics.

We use these equations to evaluate the behavior of an N2–air
jet numerically to understand the mechanism and physics of this
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a) With magnetic � eld (B0 = 1:5 T) b) Without magnetic � eld

Fig. 1 Flow visualization of the magnetically induced N2 gas jet.

phenomenon. Furthermore, we measure the velocity pro� le of the
N2 gas jets to certify the accuracy of our numerical simulations.

II. Experimental Method
A gas jet, shown in Fig. 1, was obtained by introducing an N2

gas stream into air in the direction of decreasing magnetic inten-
sity. Figure 2 shows the experimental setup and the corresponding
magnetic � ux density distribution along the central y axis between
the poles of an electromagnet (P). The magnetic � ux density at the
center of the magnet B0 was 1.5 T. The mixture of nitrogen gas
(700 ml/min) and an aqueous aerosol (0.2 g/min) was injected from
a glass tube (Q) with an inner diameter of 1.6 cm. The outlet of the
pipe was placed at y D 2 cm. An aqueous aerosol generated with
an ultrasonic nebulizer (Omron NE-U11B) was added to make the
� ow� eld visible.

A magnetic � eld was obtained by using an electromagnet (ISM-
130WV-S, IDX Co., Ltd.). The gap of the magnet was 2 cm. The
magnetic � ux density was varied by changing the current through
the magnet. The spatial distribution of B was measured by a Gauss
meter (F. W. Bell Co., Ltd., Model 4048).

The velocity was measured with a � beroptic laser Doppler ve-
locimeter (LDV) (Kanomax Co., Ltd., FLV 8851). The seeding
material for the LDV measurements was an aqueous aerosol. The
measurement volume was 0:1Á £ 1:1 mm2 . The direction of the
laser beam was perpendicularto the x – y plane (Fig. 2). A personal
computer (Dell XPS-R450 equipped with System 8007, Kanomax)
recorded the LDV signals and calculated the velocity. The veloc-
ity measurements were made in a thermally stabilized room at
T D 18±C. To prevent disturbance from the surrounding environ-
ment, most of experimentaldeviceswere placed insidea rectangular
plastic enclosure with 60 £ 40 £ 40 cm3 .

III. Theoretical Formulation
The complete mathematical formulation of magnetoaerodynam-

ics includes the expression of the magnetic body force acting on a

Fig. 2 Experimental setup for generating the magnetically induced N2
gas jet shown in Fig. 1a and the spatial distribution of the magnetic � ux
density B along the vertical y axis: P, magnetic pole, and Q, Pyrex glass
tube.

gas mixture as well as expressionsfor the mass, momentum, energy,
and species conservation.In this section we describe this system of
equations and apply them to magnetically induced N2 gas � ows in
air to determine numerically the distributions of the magnetic � ux
density, � uid velocity, and gas mixture mass fractions.

A. Magnetic Body Forces
The magnetic forcesactingon a � uid element can be derivedfrom

the Helmholtz free energy, which is stored in the � ow medium by a
magnetic� eld.9 – 11 Accordingto Landauand Lifshitz,9 themagnetic
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body force fm can be expressed as [Eq. (34.3) in Ref. 9, converted
to SI units]

fm D 1

2
r H 2½

³
@¹

@½

´

T

¡
H 2

2
r¹ C ¹[ j £ H] .1/

where the � rst term on the right-hand side (RHS) denotes magne-
tostriction forces caused by magnetic � eld gradientsand the second
term shows the dependence of the magnetic body force on the gra-
dients of ¹. H is the magnitude of magnetic � eld intensity. For
electrically nonconducting � uids (i.e., j D 0) such as air and nitro-
gen gas, the third term can be neglected.

Gases are classi� ed as either paramagnetic (PM) or diamagnetic
(DM). Gases such as O2 , NO, and NO2 are PM, whereas most other
gases are DM. The magnetic permeabilityof gases can be expressed
as follows12:

¹r ¡ 1 D Â.T /½; ¹r D ¹=¹0

Â.T / / T ¡1 for PM

Â.T / ´ const. for DM (2)

For PM gases, this relation is known as Curie’s law.
Substituting relation (2) into Eq. (1), the magnetostriction force

term [� rst term on the RHS of Eq. (1)] becomes 1
2
r[¹0.¹r ¡ 1/H 2],

and Eq. (1) can be rewritten as

fm D 1
2 ¹0.¹r ¡ 1/rH 2 .3/

For gas mixtures such as air, which include PM O2 gas whose
magnetic susceptibility is a few hundred times as large as for other
DM gases, we can make the following approximation:

¹r ¡ 1 D
N

i D 1

Âi .T /Yi ½ ¼ ÂO2 .T /YO2 ½ .4/

We can then simplify the expression for fm as

fm ¼ 1
2 ¹0ÂO2 .T /YO2 ½rH 2 .5/

In this work we only considered gases at room temperature.There-
fore, ÂO2 .300 K/ D 107:8 £ 10¡6 cm3/g (Ref. 4).

B. General Governing Equations for Magnetoaerodynamics
The temporal and spatial distributionsof ½; u; T , and Yi in mag-

netoaerodynamics, including reacting � ows, can be described with
the following conservationand state equations.13

Mass conservation:
@½

@t
C r ¢ ½u D 0 .6a/

Momentum conservation:
@

@t
.½u/ C r ¢ .½uu/ D ¡r p ¡ r ¢ ¾ C fm C ½g .6b/

Energy conservation:

@

@t
.½h/ C r ¢ .½hu/ D @p

@t
C u ¢ r p ¡ ¾ : ru ¡ r ¢ q

C ½
i

Yi f 0
m;i ¢ Vi (6c)

Species conservation:

@

@t
.½Yi / C r ¢ .½uYi C ½Yi Vi / D wi .6d/

Ideal gas law:

p D ½RT
i

Yi

Wi
.6e/

where

h D
i

h i Yi ; ¾ D 2

3
½ºr ¢ uU ¡ ½º ru C .ru/T

Note that the magnetic force term is usually included in Eq. (6b),
the momentum equation. The heat � ux q and the species diffusion
velocity Vi are given by Fourier’s law and Fick’s law.

Fourier’s law:

q D ¡¸rT C ½
i

h i Yi Vi

Fick’s law:

Vi D ¡Di rYi

Because the magnetic � eld is steady and there are no electrical
currents, the spatial distribution of H and B are determined by
Maxwell’s equations as

r £ H D 0 (7a)

r ¢ B D 0 (7b)

B D ¹H (7c)

In Eq. (2), ¹r is nearly equal to ¹0 because Â½ ¿ 1 exists in the
present gas system. Therefore, the nonuniformity of the magnetic
permeabilityof the gas mixturewould not change the magnetic � eld
intensity distribution,and equation (7b) can become as follows:

r ¢ H D 0 .7d/

Here, we de� ne magnetic potential ’m as

H D ¡r’m .7e/

Then the magnetic potential ’m satis� es the Laplace equation

1’m D 0 .8/

Thus, the resultingmagnetic � eld distribution(H and B) obtained
from the solution of Eq. (8) is used in Eq. (5) to determine fm . Then
these conservationequations can be solved numerically for a given
set of initial and boundary conditions.

C. Numerical Analysis of N2–Air Flow
In our numerical analysis of magnetically induced N2 gas jets

using Eqs. (6–8), we made the following assumptions: that they are
two dimensional, that the compressibility effect is negligible, that
there is isothermal � ow, that there is laminar � ow, and that constant
viscosity and species diffusion coef� cients are present.

In our experimentalsetup (Fig. 2), the distancebetween the poles
of the electromagnet was about 2 cm and the depth was more than
5 cm. We, therefore, assumed that the magnetically induced gas jet
was two dimensional. The assumption of incompressible � ow was
valid because the Mach number of this jet was below 0.2.

We used an aqueous aerosol for � ow visualizationbut neglected
its effect on the magnetic couplingwith the gases because magnetic
acceleration of N2 has also been observed without seed aerosols.6

Furthermore,we assumed that our gas � ow was isothermalbecause
we did not observe a signi� cant differencebetween the temperature
of the N2 gas before and after mixing with the aerosol. Thus, we
neglected the solution of the energy conservationequation.

The equations for the conservation of mass [Eq. (6a)] and mo-
mentum [Eq. (6b)] are written in terms of the stream function Ã and
vorticity !. Here, u D .@Ã=@y; ¡@Ã=@x/ and ! D r £ u.

Furthermore, to write Eqs. (5–8) in dimensionless form, L ;
UM ; UM =L; H0 , and H0L are used, respectively,as referencescales
for the length, velocity, time, magnetic � eld intensity, and magnetic
potential. H0 is the magnetic intensity at the center of the magnet.
The characteristiclength L is taken as half the distancebetween the
poles(Fig. 2). Based on dimensionalanalysisin the momentumcon-
servation equation (6b), the characteristicvelocity UM is estimated
by the balance between the inertial force and the magnetic force
shown as follows:

½U 2
M L D ½¹0ÂO2 YO2 H 2

0 L; UM D aH0 .9a/

where a D
p

.0:23¹0ÂO2 / and 0.23 is the mass fraction of O2 in air.
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Then we de� ne the dimensionlessparameterReM as the Reynolds
number and the dimensionlessparameter PeM as the Peclet number
based on UM :

ReM D UM L=º D aLHmax=º (9b)

PeM D UM L=D D ReMº=D (9c)

Under these assumptions, combining Eqs. (5–8), the motion of
the magneticallyinducedgas jet can be modeledusing the following
equations in dimensionless form:

@

@t
N! C . Nu ¢ r/ N! ¡ Re¡1

M r2 N! D @

@ Ny
Nfm x ¡ @

@ Nx
Nfmy (10a)

r2 NÃ D N! (10b)

@

@t
YA C . Nu ¢ r/YA ¡ P¡1

eM r2YA D 0 (10c)

r28m D 0 (10d)

where

f Nx; Nyg D L¡1fx; yg; f Nug D U ¡1
M fug

NÃ D ÃU ¡1
M L¡1; N! D !U ¡1

M L

Nf m D 0:23L¡1¹0ÂO2 H 2
0 fm; 8m D ’m L¡1 H ¡1

0

where YA is the mass fractionof air in the gas mixture of N2 and air.
Furthermore, Nfmx and Nfmy are the x and y dimensionlesscomponents
of fm , respectively.

The momentum equation (6b) recasts as a single equation,
Eq. (10a), through eliminating the term of pressure for r £ r p D 0
in Eq. (6b). Because the � ow was isothermal and the same phe-
nomenon was also observedwhen N2 gas was injectedhorizontally,
we neglected buoyancy forces in Eq. (10a).

Figure 2 shows the calculation domain (shaded area), ranging
from 0 to 2.25 cm along the x axis and from 0 to 11 cm along the
y axis. Because the N2 gas jets are symmetrical about the vertical y
axis,we consideredonly halfof the � ow� eld area in the simulations.

The initial conditions for the injected N2 gas velocity pro� le was
given as the Poiseulle velocity distribution(parabolic) with a maxi-
mum velocityof 7.4 cm/s (i.e., 700 ml/m). The boundaryconditions
follow in the next sections.

1. Species Concentration
YA D 0 at the inlet (y D 0 cm), @YA=@y D 0 at the outlet (y D

11 cm), YA D 1 on the right boundary .x D 2:25 cm), @YA=@x D 0
on the axis of symmetry (x D 0 cm), and @YA=@n D 0 the surface of
magnetic pole.

2. Flow�eld
Here, @u=@x D 0 on the axis of symmetry (x D 0) and the right

boundary(x D 2:25 cm), at the inlet (y D 0) the velocitydistribution
was parabolic with a maximum velocity of 7.4 cm/s, @u=@y D 0 at
the outlet, and the other boundaries (the surface of the magnetic
pole) were no-slip boundaries.

3. Magnetic Field
8m D 0 on the axis of symmetry (x D 0) and at the outlet, 8m D 1

on the magneticpoles, and @82
m =@2x D 0 on the right boundary(x D

2:25 cm).
For a given set of initial and boundary conditions, Eq. (10) is

then solved numerically. We used an uncoupled approach to solve
Eq. (10). First, we solved for 8m from Eq. (10d) and determined
the magnitudes of H to calculate fm in Eq. (5), and we then solved
the vorticity and species conservation equations. For the time dis-
cretization, we used the Euler explicit scheme. For the spatial dis-
cretization,we used a third-orderupwind scheme14 for the inviscid
terms and a central difference scheme for the viscosity.

To overcomenumerical instability,we used small time step vary-
ing between 10¡4 and 10¡5 . For high magnetic � eld strength, the
smaller time step, 10¡5 , was used.

For a typicalcase with B0 D 1:5 T, three uniformgridsof 41 £ 41,
51 £ 51, and 46 £ 111 were used. The results showed for all grids

the same qualitative behavior and differ quantitatively by less than
5%. Therefore, the grid of 51 £ 51 points was used in the present
computations.

D. Simulation Results and Discussion
The magnetic � eld intensity distribution was analyzed � rst to

obtain the magnetic body force. For a typical case (B0 D 1:5 T), the
distributionsof dimensionlessmagnetic � eld strength (B=B0 ) along
the x axis and the y axis were calculated.Figures 3a and 3b show the
comparison between calculated (a solid line) and measured values
along vertical axis (x D 0 cm) and (x D 0:8 cm), respectively. The
calculated results shown in Fig. 3 agree with the measured values
using a Gauss meter. This shows that the magnetic � eld distribution
can be analyzed based on the constant permeability assumption.

Several parameters used in numerical simulations are shown in
Table 1 with L D 1:0 cm, º D 1:5 £ 10¡5 m2 s¡1 and D D 0:2 £
10¡4 m2 s¡1 . We chose this set of conditions to determine the de-
pendenceof the velocityof the N2 gas jets on the magnetic intensity.
First we present the simulation results for B0 D 1:5 T, ReM D 498,
and PeM D 373, which are the conditionsunder which the N2 gas jet
in Fig. 1a was observed.

Figures4a–4c showthe simulateddistributionsofYA , the vorticity
N!, and the stream function NÃ , respectively,for B0 D 1:5 T. Figure 4a
shows a thin, long region about 7.5 cm in length along the y axis
occupied by N2 gas. Above y D 6 cm the region that is rich in N2

gas spreads out to both sides, and a recirculation zone is created.
These � ow patterns are similar to the � ow pattern shown in Fig. 1a.

Figure 4b shows that a vorticity distribution exists between the
electromagneticpoles and the N2 gas stream along the y axis. This
can be understood from the governing equations of vorticity. Only
when the magnetic force fm becomes nonconservative(r £ fm 6D 0)
can the right-handterm in Eq. (10a) be nonzero.Thus, the magnetic
forcewill driveair convection.In the presentcase, themagneticdriv-
ing force results from the gradients of the magnetic � eld intensity

Table 1 Simulation conditions

Parameter Run 1 Run 2 Run 3 Run 4 Run 5

B0; T 1.5 1.2 0.8 0.6 0.4
ReM 498 398 266 199 133
PeM 373 249 199 149 99

a)

b)

Fig. 3 Spatial distribution of B/B0 .
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a) Mass fraction of air YA

b) Vorticity Å!

c)Stream function ÅÃ

Fig. 4 Spatial distribution under a magnetic � eld gradient with B0 = 1:5 T.

a) Mass fraction of air YA b) Vorticity Å!

c)Streamfunction ÅÃ

Fig. 5 Spatial distribution in the absence of a magnetic � eld.

and the oxygen concentration in the gas mixture. This kind of � ow
does not arise for isothermal single-componentgases but occurs in
multicomponentgases, where fm becomes a nonconservativeforce.

The � ow� eld represented by the stream function NÃ in Fig. 4c
shows an accelerated N2 gas jet bordered on both sides by a circu-
lating gas � ow that is rotating clockwise to the right of the jet and
counterclockwise to the left of the jet. This shows that the air is
drawn into the region of higher B, and, as a result, the N2 stream is
pushed out toward the weaker � eld by the air and accelerated.

For comparison, similar numerical simulations were done for no
magnetic force, that is, Nfm D 0 in Eq. (10). The results are shown
in Fig. 5. In contrast to the results shown in Fig. 4, there is no
accelerated N2 gas � ow, and no vorticity or recirculating � ows are
generated. These � ow patterns are similar to that shown in Fig. 1b.
Comparison between Figs. 4 and 5 shows that the magnetic � eld
has a signi� cant effect on the gas � ows.

Figure 6 shows the velocity distribution for the magnetically in-
duced gas jet along the central y axis (solid line). The maximum ve-
locity of the jet, umax D 44 cm/s, near y D 3:5 cm when the entrance
velocity of the N2 gas jet was 7.4 cm/s and B0 D 1:5 T. The velocity
distribution in the absence of a magnetic � eld is also represented

in Fig. 6. This also clearly indicates the effect of the magnetic � eld
gradient on the jet’s velocity distribution.

In these calculations,we neglectedgravitationalbuoyancyforces
in Eq. (10a). The simulation results in the presence of gravitational
buoyancy are also shown by dashed lines in Fig. 6. The maximum
velocityof the jet,umax D 46cm/s, near y D 3:9 cm when B0 D 1:5 T.
The effect of gravitationalbuoyancyis consideredsmall in the pres-
enceofmagnetic� eldof 1.5 T, whereasit affectsnitrogengas � ow in
theabsenceof themagnetic� eld (umax D 8:3 cm/s). Furthermore,the
samemagneticphenomenonwas observedwhenN2 gaswas injected
horizontally. Because of the preceding discussions, we neglected
gravitational buoyancy to estimate the effect of magnetic force.

A similar simulation was made by varying B0 , as shown in
Table 1. The dependence of u at y D 3 cm on B0 is shown in Fig. 7
and is found to increase with B0.

IV. Measurement of Velocity
For comparison with our numerical simulations, we measured

the velocity pro� le of the N2 gas jet under the same conditions.
We measured the velocity of gas jet at y D 3 cm and as a func-
tion of B0. Figure 7 shows that the measured velocity . / increases
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Fig. 6 Distribution of N2 gas velocity along the y axis with and without
the B0 = 1:5 T: ——, simulated results in the absence of gravitational
buoyancy; – – –, simulated results in the presence of gravitationalbuoy-
ancy; and , measured velocity pro� le.

Fig. 7 Velocity of N2 gas jet (y = 3 cm) vs B0.

approximately linearly with B0. This relationship is also found by
the numerical simulations (see Sec. III.D). Thus, the experimental
results agreed well with the simulated values.

We also measured the spatial distribution of velocity along the
y axis when B0 D 1:5 T ( in Fig. 6). When y < 3 cm, the ve-
locity increases with increasing y and takes the maximum value,
44 cm/s in the range of 3 < y < 4 cm. At y D 4:5 cm, u D 39 cm/s.
Figure 6 shows that the measured and simulated velocities agree
within experimental errors. Thus, the close agreement between the
experimental and simulated values validates the physical model of
magnetoaerodynamicsand also certi� es the accuracyof our numer-
ical simulations.

The present study suggests a new method to accelerate or venti-
late gas � ows without a fan or a chimney. For example, when B0 D
1.0 T, N2 gas is accelerated up to 30 cm/s in Fig. 7.

These magnetically inducedgas � ows affect combustion in diffu-
sion � ames becausecombustionalways causesa decreaseof ½; YO2 ,
and ÂO2 .T / and diffusion� ames behave like an N2 gas stream under
magnetic � eld gradients.In fact, magneticpromotionof combustion
in diffusion � ames has been demonstrated.6 Therefore, this study
suggests the potentialuse of magnetic attractive forces acting on O2

gas to controlgas � ows andcombustion.Magnetic� elds on theorder
of 1 T can be easily achieved by using recently developed strong
permanent magnets (e.g., Fe–B–Nd compounds). These magnets
will make the application of magnetoaerodynamicspossible.

V. Conclusions
In MHD, Lorentz force, the third term of Eq. (1), plays an im-

portant role. On the other hand, in magnetoaerodynamics,magne-

Color reproductions courtesy of Mechanical Engineering Laboratory, Agency of Industrial Science and Technology.

tostrictionforce, the � rst and second terms of Eq. (1), contributesto
induce gas � ows. In this paper, the behaviorof gas � ows in the pres-
ence of a magnetic � eld, especiallyan N2–air jet, has been analyzed
numerically to clarify the mechanism quantitatively.

The key results from this work are as follows:
1) The magnetic body force acting on a gas mixture containing

PM O2 gas, which can be represented as

fm D 1
2 ¹0ÂO2 .T /½YO2 rH 2

becomes nonconservative under the gradients of both the O2 con-
centration and the magnetic � eld strength.

2) The numerical analyses clarify the mechanism of the coupling
between magnetic forces and the convective motion and indicate
the existence of convective � ows of the gas mixtures due to the
nonconservativemagnetic body force.

3) Simulations showed that the maximum velocity of N2 gas,
umax , increases with an increase in the magnetic � eld strength (B0 ).
For B0 D 1:5 T and an entrance velocity of the N2 gas of 7.4 cm/s,
umax D 44 cm/s. Numerical results agree well with the experimental
results.

4) This study suggests the potential use of the attractive mag-
netic force acting on paramagnetic O2 gas to control gas � ows and
combustion.
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