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Membrane Formation Process in Magnetic Fluid
and Application for Aperture Control

H. Yamaguchi,* Y. Suzuki,” and S. Shuchi®
Doshisha University, Kyoto 610-0321, Japan

Basic characteristics of the membrane formation process were investigated experimentally and numerically.
In the experiment the aperture area of magnetic fluid membrane was recorded for a given volume of magnetic
fluid sustained by applying a magnetic field in a pipe section. In the numerical analysis the formation process of
the magnetic fluid membrane was examined under various magnetic field intensities. The theoretical background
of the numerical work is based on the static force balance between gravity, magnetic force density, and surface
tension on the membrane at the solid contact point. The surface profile was estimated at an equilibrium stage
by numerical analysis and compared to experimental results, where the membrane (sustained by magnetic fluid
in a pipe) formed the aperture configuration. In the results of the present investigation, from both experimental
and numerical work, the detailed formation process was verified, and it was shown that the aperture area can be

controlled by applying a magnetic field.

Nomenclature

body force density, N/m3

gravitational body force density, N/m?

Kelvin body force density, N/m?

surfacial force density, N/m?

gravitational acceleration, m/s?

magnetic field intensity, A/m

magnetic field vector

intensity of magnetic field on r direction, A/m
intensity of magnetic field on z direction, A/m
nominal value of H.; the maximum of H., A/m
applied dc current, A

Boltzmann constant

magnetization, Wb/m?

magnetization vector, Wb/m?

saturation magnetization, Wb/m?

surface curvature at interface

representative surface curvature at solid contact
cylindrical coordinates (see Fig. 3), -

aperture area, m>

absolute temperature, K

tangential unit vector

volume of iterated step magnetic fluid, m3
volume of sustained magnetic fluid, m*
Cartesian coordinates

viscosity, Pa s

relative density, kg/m?

reference density; magnetic fluid, kg/m?
contact fluid density, kg/m?

surface tension, N/m

= contactangle, rad
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I. Introduction

MAGNETIC fluid is a suspension of very fine magnetic parti-

cles with typical size of the order of 10 nm in a carrier liquid.
It has a unique character in a magnetic field, and it behaves like
a magnetized liquid. To date, using such a unique character of a
magnetic fluid, there are many engineering applications thought of
and proposed,and some of applications, such as seals and sensors,’
have already materialized or become realistic industrial products >#
The field of applications of magnetic fluids is still expanding, and
new ideas of applications are actively emerging.

The interfacial phenomena of a magnetic fluid, such as spike
phenomena,’ have been reported for many years since the first ap-
pearance of magnetic fluid. However, so far there are few applica-
tions for the unique interfacial formation®’ of magnetic fluid, and
hence more detailed study of the interfacial phenomenais required.
The liquid column formation is another interesting phenomenon in
the basic fluid mechanics*~'* and in an application for the crystal
growth technology.!' For a magnetic fluid column Ohaba et al.'?
have varied vibration properties for a vertically oscillating mag-
netic fluid column and commented on a possible application for a
crystal growth (columns) in a microgravity environment. Although
there have been some attempts to study the magnetic fluid columns
in an engineering application, there has been no work to examine
a possibility of flow control (aperture control) and to verify basic
properties for the magnetic fluid columns sustained in a section of
circular pipe yet.

In the present study the unique feature of membrane formation
is examined, and a feasibility study is given for a new way of aper-
ture control, which utilizes sustained magnetic fluid in a pipe by
an applied magnetic field. The basic idea, using the sustained mag-
netic fluid in a section of pipe, is to form the membrane and block
the passage by controlling magnetic field intensity. In the present
investigationbasic characteristicsof the membrane formationare in-
vestigated experimentally,using water-based magnetic fluid (W-40)
with the contact fluids of air and mineral oil. In the experiment
the aperture area of a magnetic fluid membrane is recorded for a
given volume of magnetic fluid sustainedin a pipe section by vary-
ing magnetic field intensity. A numerical analysis for studying the
formation process of a membrane of magnetic fluid by applying
magnetic field is also conducted in the present study. The theo-
retical background of the numerical work is based on the static
force balance between the gravity, magnetic force density, and sur-
face tension on the membrane at the solid contact point. The sur-
face profile is obtained at an equilibrium stage, where the mem-
brane (sustained by magnetic fluid in a pipe) forms an aperture
configuration.
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In view of application for aperture control, particularly in the
present study, attention was given to investigating detailed charac-
teristics of aperture area variation in terms of imposed magnetic
field intensity.

II. Experimental Apparatus and Procedure

Figure 1 is a schematic diagram of the experimental apparatus. A
volume of magnetic fluid is sustained by magnetic field in the test
section, which is made of acrylic pipe of inner diameter 12 mm with
total length of 800 mm. At both ends of the test section, reservoir
tanks are attached so that contact fluid (mineral oil or air) can be
contained in a static state and filling the section. A coil electromag-
net is placed around the test section and is cooled by circulating
water from a cooler unit. The electromagnet is powered by a dc
power supply unit, which could produce the magnetic field strength
of 0~0.5 x 10° A/m in the test section. The aperture area of the
magnetic fluid membrane, when the magnetic field is imposed, is
measured by a video image, which is taken by a high-resolution
video camera with lighting at one end of the reservoir tanks and is
monitored and processed digitally.

In Fig. 2 details of the test section are shown. Experiments were
conducted by filling the contact fluid (in the case of oil) in the
reservoir tanks at a given level, and then a given volume of mag-
netic fluid was pushed into the test section by a syringe through the
filling stainless pipe, as shown in Fig. 2, while applying an appro-
priate magnetic field to sustain the magnetic fluid in the test section.
Experiments were carried out in a temperature-controlled room so
that contact fluids (oil or air) with magnetic fluid membrane were

Lighting

= =

800 mm ‘\C@
Data processing

Fig. 1 Experimental apparatus: 1, test section; 2, reservior tank;
3, electromagnet; 4, cooler; 5, dc power supply; 6, video camera (CCD);
and 7, monitor
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Fig. 2 Details of test section.

kept at constant temperature at 25°C (£1°C). For a given volume
of magnetic fluid, the magnetic field intensity was varied. In the
present study the external magnetic field was imposed on the mag-
netic fluid membrane in the test section by the solenoid-type coil
electromagnet. Prior to experiments with the membrane formation,
detailed data were taken for magnetic field distribution in the test
section by supplyingdc electric power to the electromagnet.In Fig. 3
a schematic diagram to describe the sustained magnetic fluid mem-
brane is shown, where the cylindrical coordinates are presented as
well. The origin of the coordinate system, as shown in Fig. 3, is
taken at the center of electromagnet on the axis of the pipe in the
test section. In Fig. 4 representative distributions of the magnetic
field intensity in the test section are plotted in Fig. 4 for the axial
component H. and in Fig. 5 for the radial component H,, when
a typical dc current of / =100 mA was applied to the magnet. It

Sustained magnetic fluid membrane

Magnetic field
H

Test section

Fig. 3 Cylindrical coordinate system for applied magnetic field.
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Fig. 4 Distribution of magnetic field: H, component of H.
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Table 1 Properties of test fluids at 25°C

Test fluid Density p, kg/m>  Viscosity 1o, Pa-s
Air 1.184 18.2x107°
Mineral oil SM-2 0.382x 10° 1.86x 1073
Magnetic fluid W-40 1.407 x 10° 30x 1073
x10°
40
]
=
03 04 05 0.6 0.7 x10°
H, A/m

Fig. 6 Magnetization characteristics of magnetic fluid (W-40).

is mentioned that the magnetic field is axisymmetric because the
magnetic field was generated by the solenoid coil electromagnet.
As seenin Figs. 4 and 5, there is a smooth and symmetric magnetic
field, whose peak value exists at z=0 for H. (which varies for r
direction and zero value of H, at z=0, r =0).

Magnetic fluid used in the present investigation is water-based
magnetic fluid (W-40) as supplied by industry. The magnetization
characteristicis displayedin Fig. 6. The magnetization characteris-
tic of the magnetic fluid (W-40) is fairly well known in literature,'
so that in the present study it is characterized by the Langevin
function !

The contact fluids are primarily air and a mineral oil (SM-2) sup-
plied by industry. The mineral oil has excellent separativeness from
the magnetic fluid and forms a clear interfacial surface. The basic
physical properties of the contact fluids are tabulated in Table 1.

The initial measurement error for determining the surface pro-
file and aperture area comes from the resolution accuracy of the
high-resolution video camera. The camera has 1.23 x 10° pixels in
charge-coupled device (CCD) image receiving. The digital image
is then processed by an image processor in an accuracy of within
+1% (implies to the instrumentationaccuracy). However, in captur-
ing the images (the surface profile on aperture area), light refraction
(scattering)on the interfaceoccurs and gives somewhat vague digital
images of CCD output. For extremely vague images of CCD output,
the profile of interfacial surface was traced manually in comparison
with directvisualimages and then sent to the image processing. This
image-processingprocedure was repeated several times to minimize
the error. Resultantly, the surface profile and the aperture area pre-
sented in the present study involve the overall error (after the image
processor) of approximately maximum £5.0%.

III. Numerical Analysis
The surface profile of the membrane formed in the test section,
where the magnetic field is applied with various intensities, is cal-
culated numerically by solving the equilibrium equation of force
balancebetween the magnetic body force, gravity force, and surface
tension. The equilibrium equation of force balance can be written as

F=f.+f+f ey

where f,, is the Kelvin body force density,'™® f,, = (M- V)H,
S =pg, and fs = o (1/Rs)t.

Considering the membrane in the cylindrical coordinate system
of Fig. 3, componentsin each coordinatedirectionr, 6, z of the force

Magnetic fluid membrane

: l

Cross section view
(apature area S=0)

Side view
Fig. 7 Body force balance.

F in Eq. (1) can be written as follows, referring to the schematic
diagram of Fig. 7:

0H, 0H, .
F,.:M,.T—f—M:?—,ogcos@-f—fgsmgo ()
Fy = —pgsinf (3
0H. 0H.
F. :M,.T-f-M:?-f-fSCOSgD @)

where the magnitude of magnetization M of the magnetic fluid is
approximated by following Langevin function'* (Fig. 6):

M = MgL(mH/kT) (5)
L(x) =cothx — 1/x ©6)

In the present study setting x =m H /kT for the given temperature
T =298 K, x canbe expressed from known characteristicsof Fig. 6.
Thus, using Egs. (2-6) the following ordinary differential equation
of force balance is obtained:

F,dr + F;rd0 + F.dz = Ap (7)

where on the surface of membrane, thatis, on the interfacial surface,
the pressure difference Ap can be set as Ap = 0. For magnetic field
H(H,, Hy, H.)inEqs. (2-4), measured values (as representationally
shown in Figs. 4 and 5) are employed in the calculation, adopting
the axisymmetric condition that Hy = 0. It is noted that p in Egs. (2)
and (3) are the relative density, which can be defined by p = py — p'.

In the numerical calculation to obtain the surface profile of the
membrane, the following integration was performed by Simpson’s

method:
/E.dr+/Fgrd0+/F:dZ: ®)

where C is the integral constant. The surface tension is only consid-
ered at the solid contact point, where the contact angle ¢ between
the magnetic fluid membrane surface and pipe wall was assumed as
¢ = 150deg. The contact angle of ¢ = 150 deg was adopted from a
separate experimental observation (drop test) for a drop of magnetic
fluid on an acrylic sheet. Furthermore, the surface tension force fs
is only calculated at the contact point, as fs =o (1/Rs), where the
curvature Ry of the membrane surface is also assumed at the con-
tact surface as Ry = 1 mm from the drop test. The actual value of o
(under effect of magnetic field) is very difficult to determine, and in
the presentinvestigationthe value of o is simply adopted as typical
value from Ref. 1. In the presentinvestigationthe surface tension on
the interfacial surface was neglected, apart from the contact point
(at the pipe wall), because the effect of the surface tension on the
interfacial surface is approximately within +=1% from the effect of
other forces and the curvature R cannotbe known a priori. Thus, the
most essential effect of the surface tension is the effect at the solid
contact with the pipe wall.

To obtain the surface profile (the interfacial deformation profile),
the integral constant C in Eq. (8) was determined so that the given
volume V,, (actual sustained volume) of the magnetic fluid is the
same as the volume content V; (i is the number of iteration steps)
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confined in the calculated surface profiles. The numerical sequence
was continued, until |V; — V,,| <e, [typically e is the convergence
criteria (e =1 x 107%)], by the successiveiteration starting from an
appropriateinitial value of C. Itis mentionedthat V,, is the important
parameter to determine the surface profile.

The accuracy of the calculation is mostly depending on the mea-
surement accuracy of the magnetic field (Figs. 4 and 5). The dis-
tribution of the magnetic field intensity was measured by a Hall
probe, whose instrumentationaccuracy is within 1% for the range
of the magnetic field intensity. However, the largest measurement
error comes from positioning the Hall probe in the measuring space,
which was achieved by constructing a procession stage. The mar-
gin of error associated with the measurement of the magnetic field
intensity is approximately maximum £4.0%. The procedure of the
measurement (positioning the Hall probe) was repeated for several
times to minimize the error. The data shown in Figs. 4 and 5 are the
average values from repeated measurements.

IV. Results and Discussion

InFigs. 8—11, representativesurface profiles for the case of an air-
magnetic fluid interface of the membrane at a given magnetic field
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a) Frontal view

b) Cross-sectional view

Fig. 8 Surface profile of membrane (V,, =3.00 ml) for air-magnetic
fluid interface for H} =0.461 x 10° A/m.
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Fig. 9 Surface profile of membrane (V,, =3.00 ml) for air-magnetic
fluid interface for H} =0.395 x 10° A/m.
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Fig. 10 Surface profile of membrane (V,, =3.00 ml) for air-magnetic
fluid interface for H =0.313 X 10° A/m.
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Fig. 11 Surface profile of membrane (V,, =3.00 ml) for air-magnetic
fluid interface for H} =0.264 X 10° A/m.

intensity H are displayedfor a sustainedvolume V,, =3.00 ml. H
is the nominal value, which is the maximum intensity of the applied
magnetic field. In each profile for a given H}, the frontal view (y—z
plane) and the cross-sectional view (r—0 plane) are displayed, for
example, at H* =0.461 x 10° A/m, Figs. 8a and b, respectively.
Also, in each profile for a given H, estimated results from the nu-
merical analysis and the location of membrane surface are shown as
a solid line and are compared to the experimental data in Figs. 8a,
9a, 10a, and 11a, and Figs. 8b, 9b, 10b, and 11b. The shaded area
in the cross-sectional view in each profile (Figs. 8b, 9b, 10b, and
11b) are images obtained from the experimental observations (im-
ages obtained from the high-resolutionvideo camera), and again the
estimated results from the numerical analysis are superimposed by
the solid line. As seen in Figs. 8 and 9 at relatively high magnetic
fields, the membrane formed by the sustained magnetic fluid blocks
the pipe in the test section, and at the upper wall, because of the sur-
face tension at the contact points, the membrane forms a concave
shape (Figs. 8a and 9a). As the membrane surface approaches the
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lower wall, the thickness of the membrane increases as a result of
the gravity that balances the magnetic body force. However, when
the magnetic field intensity H* is lowered the aperture areas (cross-
sectional opening area in membrane as recorded by the video image
in Fig. 1) start to appear in the membrane, as seen in Figs. 10a and
10b. The aperture area tends to appear adjacent to the upper wall,
when the concavity of the membrane reached the minimum thick-
ness. (The detailed formation process will be discussed fully in a
following paragraph.) Further decrease of the magnetic field inten-
sity results in opening a larger aperture area, as seen in Figs. 11a
and 11b.

As seen in Figs. 8—11, fair agreement between the estimated sur-
face profiles from the numerical analysis and the experimental data
has been reached. The deviation between the numerical results and
the experimental measurements was caused by conditions at the
wall contact, where the curvature and contact angle were assumed
constants as explained earlier. Similar phenomena occurred with
the oil-magnetic fluid interface, although the applied magnetic field
intensity is lower than in the case of the air-magnetic fluid interface
for a given aperture area. This is mainly because of the density of
fluids and the difference of the contact condition (surface tension
effect). Thus, from experimental results, which were verified ana-
Iytically in Figs. 8—11, it is shown that aperture control is possible
by alternating the applied magnetic field intensity. The detail of the
variation of aperture area for air-magnetic fluid and oil-magnetic
fluid cases are discussedin the following paragraph for Figs.12-14.

In Figs. 12 and 13 variation of the aperture area for each given
volume of magnetic fluid is depicted as the nominal magnetic field
intensity H is increased from the minimum sustainable magnetic
field intensity. In Fig. 12 the results for the air-magnetic fluid inter-
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Fig. 12 Variation of aperture area with increasing H for air-magnetic
fluid interface.
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Fig. 13 Variation of aperture area with increasing H_ for oil-magnetic
fluid interface.
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Fig. 14 Hysteresis loop (V,, =3.00 ml).

a) H; =0395 X 10° A/m o) HY =0.214 X 105 A/m

b) H =0.280 X 10° A/m d) H? =0.306 X 10° A/m

Fig. 15 Representative images of aperture area for air-magnetic fluid
interface for values H; in Fig. 14.

face and in Fig. 13 the results for the oil-magnetic fluid interface are
displayedfor sustained volumes ranging from V,, =1.00 ~ 3.50 ml.
From the results in Figs.12 and 13, it is seen that the aperture area
decreases as the magnetic field intensity is increased, as already
described in Figs. 8-11, for each given volume of magnetic fluid
sustained in the test section. However, for V,, =1.00 ~2.50 ml in
Fig. 12 and for V,, =1.00~2.00 ml in Fig. 13, the aperture area
did not reach zero, that is, total blocking of the test section was
not achieved within the range of magnetic field intensity in the
present study. On the other hand, when the volume is increased
such that V,, 23.00 ml in Fig. 12 and V,, 22.50 ml in Fig. 13 the
aperture closes (the opening area disappears) and blocks the test
section completely when the magnetic field intensity increases, as
seen in Figs. 12 and 13. The volume dependency for the variation
of aperture area in Figs. 12 and 13 is caused by the relative force
balance between the magnetic body force and gravitational force
along the magnetic field lines. Increasing the volume of the sus-
tained magnetic fluid causes higher pressure at lower wall region
(toward the direction of gravity) by the gravity force in the test sec-
tion, which has to be balanced by the higher magnetic body force to
sustain the membrane. In the comparison between Figs. 12 and 13,
because of the buoyancy effect, which comes from the difference
of the fluid densities (air and oil), less magnetic body force (less
magnetic field intensity) is required to sustain the membrane for
oil-magnetic fluid interface, when compared to the same aperture
area of the air-magnetic fluid interface.
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a) H} =0.395 X 10° A/m

An analytical attempt was made to estimate the variation of aper-
ture area in terms of the changing magnetic field intensity shown in
Fig. 12. The resultsobtained from the numerical analysisdid not give
a correctestimate for the experimentaldata shown in Fig. 12. This is
mainly a result of the condition at the contact point on the solid pipe
wall because in the present study the contact angle and curvature at
the contact point were assumed constant and their value were taken
from the drop test. The difference could be seen in Figs. 10 and 11,
where the estimated numerically calculated results of the solid lines
deviated from the experimentalobservation.This would clearly give
the limitation of the present numerical analysis, although the for-
mation process of the surface profiles of the membrane (Figs. 8-11)
were well presented and explained.

To further study controlling the aperture area, experiments were
conducted, where the procedure of increasing the magnetic field
intensity was reversed and altered to descending order of magnetic
field intensity in the experiment. In Fig. 14 representative cases of
variation of aperture area are depicted for the air-magnetic fluid
interface and oil-magnetic fluid interface with a given sustained
volume of membrane V,, =3.00 ml. In Figs. 15 and 16 some rep-
resentative CCD images (taken from the experiments) of aperture
area (opening area in the membrane) are shown for the air-magnetic
fluid interface and oil-magneticfluid interface,respectively. As seen
in Fig. 14, for the air-magnetic fluid interface case, when the mag-
netic field intensity H is decreased from point [1] (to which the
correspondingimage is Fig. 15a) to point [2], the abrupt opening of
membrane occurs suddenly at point [2]. After the abrupt opening
of membrane at point [2], the aperture area appeared at point [3]
(to which the corresponding image is Fig. 15b). Further decrease
of the magnetic field intensity H* to point [4] yields the maximum
aperture area, as shown in Fig. 15¢. Decreasing the magnetic field
intensity from point [4] can cause the sustained membrane to flow
away, breaking up its shape. Thus, from point [4] the magnetic field
intensity is then increased to the same point [3], where the same
aperture area as in the decreasing order of H* as shown in Fig. 15b
was found. Further increase of the magnetic field intensity up to
point [5] caused the aperture area to close and block the test section
completely. In Fig. 15d, the image of the aperture area for H* near
to point [5] is displayed. The aperture area was kept closed for fur-
ther increase of the magnetic field intensity toward the beginning
point [1]. From this result it is seen that there exists the hysteresis
loop for variation of aperture area in the case of air-magnetic fluid
interface. The stage of membrane formation between points [1] to
[2] (and closer to the point [2]) was found to be somewhat differ-
ent from other aperture images (such as shown in Figs. 15b, 15c,
and 15d). An interference pattern appeared on the thin membrane
between the points before rupturing. From the visual observation
the hysteresis was caused by the instability of membrane, which is
likewise observed in the rupturing phenomena of a soap film.' In
the case of the air-magnetic fluid interface, the surfactantcontained
in the water-based magnetic fluid (W-40) might have played an im-
portant role in the forming of the membrane film. The surfactant
of the water-based magnetic fluid (W-40) might act the same as an
ionic surfactantin a soap film.'?

On the contrary, in the case of the oil-magnetic fluid interface
there was no obvious hysteresis phenomenon observed. As seen

b) H? =0.214 X 10° A/m

Fig. 16 Representative images of aperture area for oil-magnetic fluid interface for values H; in Fig. 14.

©) H? =0.165 X 10° A/m

in Fig. 14, similarly decreasing the magnetic field intensity, start-
ing from point [1] (which corresponds to the image of the aperture
area in Fig. 16a) to point [2'], caused the aperture area to open at
point [2'], where a pin-point lighting image appeared at the mo-
ment of opening, and there was no abrupt opening observed at point
[2']. Decreasing the magnetic field intensity from point [2'] to [3']
kept the aperture area opening wider; an image of the aperture area
between point [2'] to [3'] is displayed in Fig. 16b. After reaching
the maximum opening of aperture area, at point [3'] (Fig. 16c¢), the
magneticfield intensity was then increased,similar to the case of air-
magnetic fluid interface case, to point [4'], where the aperture area
closed and blocked the test section completely. The aperture area
was kept closed for further increase of the magnetic field intensity
toward the beginning point [1]. From the results of oil-magnetic
fluid interface, the difference of points [2'] and [4'] is minimal,
that is, within measuring uncertainty. Therefore, there would be no
clear hysteresisloop observedin the case of oil-magneticfluid inter-
face within the limitation of measuring aperture area with the video
recording method. Thus, it is speculated, in the case of oil-magnetic
fluid interface, that there was no substantial effect caused by the
surfactantof the water-based magnetic fluid (W-40) between the oil
interface.

Finally, it should be stressed that in controlling aperture area a
choice of the contact fluid to magnetic fluid is important because
hysteresis phenomenon might happen when the magnetic field in-
tensity is varied by descending order or ascending order, depending
upon the pass. No prediction for the hysteresis phenomena was
achieved in the present study. Highly nonlinear bifurcation analysis
would be required, and this is not in the scope of the present study.
We will discuss these problems in future studies.

V. Conclusions

Experimentsand numerical calculationswere conductedto obtain
the basic characteristics of membrane formation process, where a
volume of magnetic fluid is sustained in a portion of pipe with an
imposed magnetic field. From the results of the experiment and
accompanying numerical analysis, the following conclusions were
drawn:

1) The formation of membrane and variation of aperture area are
strongly affected by the volume of the sustained magnetic fluid,
intensity of imposed magnetic field, and contact fluids used with
the magnetic fluid.

2) The interfacial formation process of a membrane can be pre-
sented well by the static force balance between the magnetic body
force, the gravitational force, and the surface tension force at the
contact point with a solid wall.

3) In variation of aperture area strong hysteresis phenomenaexist
in the case of an air-magnetic fluid interface. The phenomenacould
be caused by the effect of the surfactant similar to the soap film
rupture phenomena.
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