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Introduction

The magnetic fluid is a stable colloidal
dispersion of rather small surfactantcoated magnetic particles in a liquid carrier. It is developed in order to control
a position of liquid fuel under a gravityfree state. Its characteristics such as
strong magnetism and liquidity are paid
attention, and fundamental studies have
been carried out.
'·Sloshing" is a phenomenon that the
liquid with a free surface is agitated
severely in liquid storage tanks. Zelazo

1.Test tank
2.Vibrator

3.Motor
4.Magnet

5.UVP Monitor
6.WP Transducer

7.laser Sensor

2

and Melcher[IJ studied dynamic behavior of a magnetic fluid in an oscillated
container. Dodge and Garza[2J demonFig. 1: Experimental Apparatus
strated a simulation of liquid sloshing in
low-gravity by using a magnetic fluid.
Omori. et aL[3] analyzed swirling phenomenon as a turning phenomenon of steady-state
vi brat ion solution which results from nonlinear coupled vibration.
The sloshing problem is not easy from a mathematical point of vie,,·. Obvious nonlinearities are occurring especially in the vicinity of the resonant frequency. In an axisymmetric
container the inner liquid oscillates with rotational movement around the center axis of
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the container in spite of the lateral excitation. It has been called "swirling phenomenon".
The direction of the rotation is not fixed. The direction is changed irregularly. Moreover,
the stop of the rotation is sometimes observed. In order to understand and to explain this
complex problem, detailed measurement of internal velocity profiles is necessary. However, magnetic fluid is opaque. Thus, optical methods like laser Doppler anemometry or
the flow visualization technique like particle image velocimetry can not be applied. We
performed an ultrasonic velocity profile(UVP) measurement. It is a method for measuring
a velocity profile on a line with respect to the velocity component along this line, which
can be applied to opaque fluid. Kikura, et al.[4] measured velocity profile of the Taylor
vortex flow of a magnetic fluid using by UVP. Sawada, et al.[5] examined flow behavior
of a magnetic fluid sloshing in a rectangular container. In the present experiment, we
also used UVP method. We attempt to measure the velocity profile of the magnetic fluid
sloshing in order to clarify "swirling phenomenon" .
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Experiments

Figure I shows the schematic diagram of the experimental apparatus. The cylindrical container is made of transparent acrylic resin, and its inner diameter and height
are 94 mm and 300 mm, respectively. The adjustable crank is mounted on the output shaft of the motor. Rotation of the motor is changed to horizontal motion by
crank mechanism. The rotational frequency of the motor is continuously controlled
by an inverter, and the shaking table is oscillated sinusoidally. The amplitude of
the oscillation is X o=1.5 mm for all experiments. vVe used a water-based magnetic
fluid W-40 with 27 wt%. The fluid depth is h=47 mm in the present experiment.
Magnetic field is applied by a cylindrical
permanent magnet whose diameter is 110
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mm. The UVP monitor is an Modei

X~2

manufactured by

Met~Flow

SA. The basic

fre~

quency is 4 MHz. Experiments are carried out changing motor frequencies. magnetic field
intensities. and heights of fixed US transducer.
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Results and Discussions
Figure 2 shows the frequency response

of the free surface of a magnetic fluid when
the forcing frequency varies. The surface
magnetic field induction at the center of
the permanent magnet is indicated by B,
is the maximum free surface elevation
at the inner wall and Wo is the first reso~
Y)

nant angular frequency for B=O. In the
region of A, the free surface vibrates with
the direction of the forced oscillation. As
the forcing frequency increases, the surface elevation also increases until the free
surface is intensively shaken near the resonant frequency (border between A and B).
At the resonant frequency, the free surface
forms the collapse wave, and after the res~
onant frequency (in the region of B), ro~
tat ion around the center axis of the container occurs. The direction of the ro-

Fig. 3: Unstable swirling and stable swirling

tation is not fixed, and the direction is
changed irregularly. Because of the above
phenomena, it has been called "unstable
swirling phenomenon " (see Fig.3). As the
forcing frequency increases in the region of
B. the surface elevation decreases with un-
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stable swirling phenomenon. On the border bet ween Band C, unstable swirling
phenomenon changes to stable rotation
whose direction is fixed. It has been called
- stable swirling phenomenon". In the region of C, the stable swirling phenomenon
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is kept and its direction depends on the Fig. 4: Maximum velocit\· profiles for the
direction of unstable svvirling phenornenon second resonant angular frequency at h o=10
on the border between Band C. As the mm
forcing frequency increases; the surface el~
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evation also increases. The surface elevation is maximum on the border between C and
D, and the surface elevation rapidly decreases after the border between C and D. In the
region of D, the free surface vibrates as well as region A.
UVP measurements were mainly carried out near the second resonant angular frequencies(border between C and D). Figure 4 shows maximum velocity profiles for several
applied magnetic fields. There are 128 measurement points along the measurement axis.
Here x is the distance from the inner wall where the US transducer is fixed, and h o is the
position of the US transducer from the bottom wall. When the magnetic field increases,
the velocity also increases because of the magnetic force. We can not have data near the
opposite inner wall away from the US transducer. vVe suppose that it comes from the
clustering and chaining of the magnetic particles of a magnetic fluid formed under an
applied magnetic field. As a result, we suppose that the US echo signal diminishes.
From measured velocity data, we calculated power spectra by using a fast Fourier
transform in time domain. Figure 5 shows
the power averaged over a region of 12.65
mmS: x S:19.04 mm at ho=10 mm. The
most dominant peak for each applied magnetic field corresponds to the forcing frequency. For each applied magnetic field,
the second dominant peak exists. We can
not understand what it means, but it is
observed that the second dominant peak
is shifted to the low frequency region as
the magnetic field intensity becomes large.
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swirling. It is a theme in the future that
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we carry ou t detailed experiments for this
Frequency Hz
problem.
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