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The magnetic buoyancy force acting on a bubble in a one-dimensional magnetic field can be
represented asF5(xG2xL)*H(dH/dx)dVolB , where xG and xL are the volume magnetic
susceptibilities of the gas and liquid, respectively, andH is the magnetic field strength. Since
uxLu @u xGu and most liquids are diamagnetic, this expression indicates that the magnetic buoyancy
forces act in the direction of increasing magnetic field strength. Because the magnetic buoyancy
force in a diamagnetic fluid is small, the motion of bubbles under normal gravity is difficult to study,
but microgravity offers the possibility of detailed observations. Using a compact permanent magnet
under microgravity conditions, N2 bubbles in pure water~0.01 dyne s/cm

2) and in a 69:31 glycerol/
water mixture~0.21 dyne s/cm2) were found to move in the direction of increasingH, and to be held
stationary at the point of maximumH. The motion of the bubbles was also simulated with a
theoretical model and was found to agree with measurements made under microgravity conditions.
These results indicate that magnetic buoyancy can be used to control bubble motion. Since most
fluids are diamagnetic, magnetic buoyancy can be used to control bubbles in many fluidic devices
used in space applications. ©1997 American Institute of Physics.@S0021-8979~97!00607-5#

INTRODUCTION

Many papers have reported magnetically induced flows
of conducting fluids.1,2However, there have been few studies
related to magnetically induced flows in nonconducting flu-
ids, which can cause buoyancy and convection driven flows
similar to gravitational forces. A magnetized substance in an
inhomogeneous magnetic field experiences a force given by3

F5
1

2
x–¹E H2dV, ~1!

where the integral is over the volume of the specimen,H is
the magnetic field strength, andx is the magnetic suscepti-
bility.

Table I shows the volume magnetic susceptibilities of
various liquids and gases.4 Equation~1!, together with typi-
cal values ofx shown in Table I, indicates that diamagnetic
liquids experience a weak repulsive force in an inhomoge-
neous magnetic field, while paramagnetic liquids experience
a much larger attractive force. For example, the attractive
force acting on liquid O2, a paramagnetic liquid, is 380
times larger than the repulsive force on pure water. Lyon
et al.5 used magnetic attractive forces to reduce the gravita-
tional acceleration in liquid O2 from 1 to 0.03 g.

Microgravity conditions are ideal for observing magnetic
convection and buoyancy. For example, under microgravity
conditions, candle flames extinguish after a period of time
because there is no buoyancy-driven convection~caused by
gravity! to supply fresh air to the combustion zone.6 In recent
tests, we succeeded in maintaining candle flames under mi-
crogravity conditions with magnetic field-induced convective
air flows.7 However, there have been few studies on mag-

netic buoyancy under normal and microgravity conditions,
and the concept of magnetic buoyancy in diamagnetic fluids
has not yet been firmly established.

For a magnetic field varying in thex direction only, the
magnetic buoyancy force acting on a bubble can be ex-
pressed as

F5~xG2xL!E H~dH/dx!dVolB , ~2!

wherexG andxL are the volume magnetic susceptibilities of
the gas and liquid, respectively, and the integral is over the
volume of the bubble.

In general, the magnetic buoyancy force in a paramag-
netic fluid is much larger than in a diamagnetic fluid. There-
fore, it is easy to observe magnetic buoyancy in paramag-
netic fluids, even under normal gravity, such as the magnetic
buoyancy acting on a bubble in an aqueous solution of the
paramagnetic salt, CoCl2 ~0.00048 mol/cm3, x54.3
31026).8

In this work, we studied magnetic buoyancy forces act-
ing on bubbles in diamagnetic fluids under microgravity con-
ditions. Because the magnetic buoyancy force in a diamag-
netic fluid is small, microgravity conditions offer the
possibility of making detailed observations. Since most flu-
ids are diamagnetic, knowledge of the motion of bubbles in
such fluids will be useful for solving bubble-related prob-
lems in fluidic devices used in space-related applications. For
example, microgravity conditions were expected to be ideal
for making single crystals with few defects because of the
absence of natural convection. However, bubbles have been
found to damage the quality of the crystals. Bubbles in aque-
ous solutions disturb many kinds of biological experiments
and the separation of bioactive materials by electrophoresis.
Bubbles attached to the electrodes have also been found toa!Electronic mail: wakayama@ccmail.nimc.go.jp
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quench electrolytic reactions.9 Furthermore, bubbles in re-
frigerants reduce the cooling effect in many instruments.
Therefore, optimizing the performance of processes and sys-
tems operated under microgravity conditions requires an ef-
fective means for controlling bubbles.

MAGNETIC BUOYANCY FORCE

For spherical bubbles and magnetic field gradients where
(dH/dx) is constant, Eq.~2! can be written as

F5
4

3
pR3~xG2xL!H0~dH/dx!, ~3!

whereH0 is the magnetic strength at the center of the bubble
andR is the radius of the bubble. The magnetic susceptibility
is proportional to density, therefore, for diamagnetic liquids,
xL is on the order of 10

27, while for gasesxG is on the order
of 10210 ~see Table I!. The difference betweenxL and xG

causes the magnetic buoyancy effect. In this work, we stud-
ied magnetic buoyancy in a diamagnetic liquid, specifically
N2 bubbles in pure water and in a 69:31 glycerol/water mix-
ture under normal and microgravity conditions.

We used a permanent magnet having the point where
H50.8 T anddH/dx50.8 T/cm. Under this magnetic field
gradient, from Eq.~3! the magnetic buoyancy force acting on
an N2 bubble in pure water is calculated to be about 46
dyne/cm3. This is about 5% of the gravitational buoyancy
force of 980 dyne/cm3. Equation~3! also indicates that the
magnetic buoyancy force acts in the direction of increasing
magnetic field strength.

Many fluids contain some amount of air. Because the
O2 concentration of air is about 21% and becausexO2

is
about 300 times as large as the absolute value ofxN2

~i.e.,
O2 is paramagnetic and N2 is diamagnetic!, the value of
xair can be approximated as

xair50.21xO2
10.79xN2

'0.21xO2
50.331027.

The magnetic buoyancy force acting on air bubbles in water
is therefore about 48 dyne/cm3 and acts in the direction of
increasing magnetic field strength.

EXPERIMENT UNDER NORMAL GRAVITY

The behavior of a N2 bubble in pure water under a mag-
netic field gradient was examined under normal gravity. Fig-
ure 1~a! shows the top view of the experimental setup. An
8310.73 10 cm permanent magnet~P in Fig. 1; NEOMAX,

Sumitomo Special Metals Co.! with a gap of 1.2 cm was
used to obtain steep magnetic field gradients. A horizontal
Pyrex glass tube~Q in Fig. 1! with an inner diameter of 0.8
cm was placed inside this gap, and N2 bubbles~R in Fig. 1!
were inserted in this tube. The magnetic field intensity was
measured with a Gauss meter~model 4040, F.W. Bell!, and
is also shown in Fig. 1~a!. The maximum ofH is shown by
points S and S8. The location of the maximum buoyancy
force is shown by point U or U8 whereH50.8 T anddH/
dx50.8 T/cm, and its value was calculated from Eq.~3! to
be about 46 dyne/cm3.

EXPERIMENTAL RESULTS UNDER NORMAL
GRAVITY AND DISCUSSION

Because the Pyrex tube was kept horizontal, a bubble
remained in a static position and touched the upper surface
of the tube. When the magnet was placed around the glass
tube, the bubble was observed to move to point S or S8, as
shown by the arrows in Fig. 1~a!. Figure 1~b! shows the

TABLE I. Volume magnetic susceptibility of gases and liquids at room
temperature~in units of cgs!.

Substance x

Pure water~diamagnetic! 27.2031027

Glycerol ~diamagnetic! 24.6331027

Benzene~diamagnetic! 26.1831027

N2 gas~diamagnetic! 25.4310210

H2 gas~diamagnetic! 21.8310210

O2 gas~paramagnetic! 1.5231027

Liq. O2 at boiling point~paramagnetic! 2.7531024

FIG. 1. ~a! Top view of the experimental setup under normal gravity. P: the
magnetic pole of a permanent magnet, Q: a Pyrex glass tube, and R: a
bubble. The spatial distribution of the magnetic field intensity (H) is also
shown. Arrows indicate the motion of bubbles.~b! Photograph of a N2
bubble in pure water inside the gap of the permanent magnet. The bubble
was trapped at point S, whereH was a maximum.
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N2 bubble around point S in pure water when the magnet was
around the tube. This result therefore demonstrates the exis-
tence of a magnetic buoyancy force in diamagnetic fluids
under normal gravity and, because of the horizontal motion,
demonstrates its ability to transport bubbles under micro-
gravity conditions.

EXPERIMENT UNDER MICROGRAVITY

To study the motion of bubbles under microgravity con-
ditions, similar experiments were conducted in a 490 m free-
drop shaft at the Japan Microgravity Center~JAMIC!.10 Mi-
crogravity conditions below 1024 g for nine seconds were
obtained inside the freely dropping capsule.

Figure 2 shows the experimental setup, that consisted of
the following components: The permanent magnet described
previously, a 131.73 12 cm square cell containing liquid~V
in Fig. 2!, a Teflon tube with 0.1 cm inner diameter and 0.2
cm outer diameter~W in Fig. 2! that was used to supply the
N2 bubbles, the N2 gas supply system, the control system,
and the observation system. Nitrogen gas was injected up-
ward from the Teflon tube into the liquid under normal grav-
ity ~before the capsule was dropped!, and its flow rate was
controlled by a flow rate controller~SEC-6400, Estec Co.
Ltd.!. As soon as the capsule was dropped, the N2 gas flow
was stopped by shutting an electromagnetic valve. The be-
havior of the bubbles was recorded using an 8 mm video
camera~Hi-8, Sony Co., Ltd.!.

EXPERIMENTAL RESULTS UNDER MICROGRAVITY
AND DISCUSSION

When the N2 flow rate was 67 ml/min, under normal
gravity a few bubbles were always moving upward inside the
cell. Figure 3 shows the transient behavior of two N2 bubbles
after the release of the capsule. When the capsule was re-
leased, two bubbles were present in the liquid@see Fig.
3~A!#. One bubble, with a radius of about 0.2 cm, was at-

tached to the top of the Teflon tube. Figure 4 shows the time
dependence of the vertical positions of the bubbles.

About 0.1 s after the release of the capsule, the upward
velocity of the bubbles decreased, due to viscous resistance
of the fluid @Figs. 3~B!, ~C!, and~D!#. The upper bubble then
moved downward, while the lower bubble continued to move
upward@Figs. 3~E!, ~F!, ~G!, and~H!#. Each bubble moved in
the direction of increasing magnetic field, as illustrated by
the arrows shown in Fig. 2. About 1 s after the release of the

FIG. 2. Side view of the experimental setup used for microgravity experi-
ments. V: a square cell, W: a Teflon tube. The spatial distribution of the
magnetic field intensity (H) is also shown.

FIG. 3. Transient behavior of two N2 bubbles in pure water after the release
of the capsule. A white arrow in~H! indicates the position S.

FIG. 4. Time dependence of the vertical position of two N2 bubbles in pure
water after the release of the capsule.
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capsule, the bubbles arrived at position S, shown by the
white arrow in Fig. 3~H!, and remained there motionless dur-
ing the remainder of the drop time. These experimental re-
sults show that the movement of bubbles under microgravity
conditions is mainly determined by the magnetic buoyancy
forces and viscous resistance.

The viscous resistance acting on a bubble is given by
Stokes law as

FR54pRh~dy/dt!, ~4!

whereh is the coefficient of viscosity of the fluid~h50.01
dyne s/cm2 for water andh50.21 dyne s/cm2 for the 69:31
glycerol/water mixture!.11 Equation~4! indicates thatFR in-
creases with increasingh.

For the glycerol/water mixture, the N2 flow rate was 49.5
ml/min. Figure 5 shows the transient behavior of the position
of the N2 bubbles under microgravity conditions. Two
bubbles showed the same behavior as in pure water. About
0.1 s after the release of the capsule, the upward velocity of
the bubbles decreased due to viscous resistance of the fluid.
Each bubble moved in the direction of increasing magnetic
field. About 4 s after the release of the capsule, the bubbles
also arrived at the stable position S, and remained there mo-
tionless during the remainder of the drop time. This experi-
mental result shows that the magnetic buoyancy force effi-
ciently transports bubbles in a fluid of high viscosity as well
as in a fluid of lower viscosity.

Under microgravity conditions, bubbles are known to be
easily mobile due to small g jitters.12 A characteristic of the
system used in these experiments is that the magnetic buoy-
ancy forces cause the bubbles to move to a stable point, and
remain motionless after arriving there.

CALCULATION OF THE BUBBLE MOTION

In microgravity experiments, the motive force of a
bubble is equal to the difference between the magnetic buoy-
ancy force and the viscous resistance. Using Eqs.~2! and~4!,

the movement of a bubble can be represented as the balance
between magnetic buoyancy forces and viscous forces as

4

3
pR3S rG1

1

2
rLD ~d2y/dt2!

5~xG2xL!E H~dH/dy!dVolB24pRh~dy/dt!, ~5!

where rG and rL are the densities of the gas and liquid,
respectively, and(4/3)pR3(rG 1 0.5rL) is the virtual
mass.13 Equation~5! explains the experimental observation
that bubbles were transported in the direction of increasing
magnetic field, and that they moved to the point of maximum
H, which is represented by the minimum of the magnetic
buoyancy force.

We calculated the transient behavior of the upper bubble
in the 69:31 glycerol/water mixture. One tenth of a second
after the capsule was released, its upward velocity became
zero, and it began to move downward in the region of the
inhomogeneous magnetic field, fromy53.0 to 1.8 cm, where
the gradient of the field was constant.

When y853.12y and 3.1>y>1.8 cm, H is approxi-
mately represented asH58000y8. When t85t20.1,
rG!rL , anduxLu@uxGu , Eq. ~5! can be rewritten using Eq.
~3! as

rL~d
2y8/dt82 !16R22h~dy8/dt8!12380002xLy850.

~6!

Equation ~6! was solved by using the initial conditions
t850 s, y850.1 cm, and dy8/dt850 cm/s. When
rL51.176 g/cm3,14 h50.21 dyne s/cm2, and xL

520.64431026, the time dependence of the position of the
upper bubble~3.0>y>1.8 cm! is given as

y850.0924 exp~2.40t8!10.00760 exp~229.18t8!. ~7!

The bubble motion calculated from Eq.~7! is shown by the
solid circles in Fig. 5. The agreement between experimental
and calculated values in the region where the gradient of the
magnetic field is constant indicates that the magnetic buoy-
ancy force determines the behavior of the bubbles under mi-
crogravity conditions.

DISCUSSION

The magnetic buoyancy forces in a diamagnetic fluid
were found to transport and trap bubbles efficiently under
microgravity conditions. The present study shows the poten-
tial use of magnetic buoyancy to control bubbles in space
applications. Several investigators have reported methods of
controlling bubbles by using Lorentz forces,15 centrifugal
forces, and electrostatic forces.16 The first method is only
applicable to conducting fluids. This second method causes g
jitter and disturbs the microgravity environment. When com-
paring these optional methods, therefore, the method using
magnetic buoyancy forces has the following merits:

~1! It is applicable to most types of fluids. In paramagnetic
fluid, bubbles can be transported in the direction of de-
creasingH.

~2! The motive force is relatively large. It is possible to get
a larger magnetic force by increasingH(dH/dx).

FIG. 5. Time dependence of the vertical position of two N2 bubbles in a
69:31 glycerol/water mixture, after the release of the capsule. Experimental
(s), (D) and calculated values (d).
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~3! When permanent magnets are used, this method requires
no energy source and causes no g jitters.

~4! The apparatus using permanent magnets is compact and
simple.

CONCLUSIONS

Magnetic buoyancy in a diamagnetic and nonconducting
fluid was studied under microgravity conditions. Bubbles
were found to be transported efficiently in the direction of
increasing magnetic field strength and trapped at a point
where the magnetic field strength was a maximum. The be-
havior of the bubbles under magnetic field gradients was also
explained theoretically. The present study suggests the po-
tential of using magnetic buoyancy forces to control bubbles.
Since most fluids are diamagnetic, knowledge of their mag-
netic buoyancy will be beneficial in developing effective
methods by which bubbles in fluidic devices can be con-
trolled for use in space applications.
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