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Noncontact surface tension measurement by drop rotation
Won-Kyu Rhima) and Takehiko Ishikawab)

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena,
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~Received 7 March 2001; accepted for publication 4 June 2001!

Validity of the surface tension measurement technique that was proposed by Ellemanet al. was
experimentally verified. The technique was based on Brown and Scriven’s work on the shape
evolution of rotating drops. Molten tin and aluminum drops were levitated in high vacuum by the
electrostatic levitator and rotated by applying a rotating magnetic field. This technique offers an
alternative technique for those liquids where the drop oscillation technique cannot be used. As a
demonstration, the technique was applied to a glass-forming alloy (Zr41.2Ti13.8Cu12.5Ni10.0Be22.5)
and its surface tension was measured down to the lower temperature where the drop oscillation
technique could not be applied due to its high viscosity. ©2001 American Institute of Physics.
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I. INTRODUCTION

The proposal of measuring surface tension based on
rotation was first made by Ellemanet al.1 Their proposal for
surface tension measurement was based on the theor
predictions on the drop shape evolution of rotating dro
The theoretical predictions of drop rotation processes h
been brought to a rare degree of accuracy
Chandrasekhar,2 and by Brown and Scriven.3 These predic-
tions have also been experimentally verified by a numbe
authors. Rhimet al.4 performed an experiment in a groun
based laboratory using a charged water drop suspended b
electrostatic levitator. They rotated the drop by exerting
acoustic torque, and observed the drop shape closely fol
ing the theoretical prediction. Wanget al.5 conducted their
drop rotation experiment in the microgravity environme
provided by the Space Shuttle~USML-1!. Using drops of
silicone oil and glycerin/water mixture, they obtained resu
that also closely agreed with the theoretical prediction wh
the drops rotated satisfying the solid-body-rotation conditi
On the basis of these works, Ellemanet al. proposed that the
surface tension of a rotating liquid could be determined if
shape deformation at a known rotation frequency could
accurately measured. If their proposal can be verified, it w
provide a way for surface tension measurement for th
liquids where the drop oscillation technique cannot be us

This method offers an alternate approach to the surf
tension measurement in many liquids where the drop os
lation method can be used.6 However, for those liquids
where the drop oscillation technique can no longer be us
such as in highly viscous liquids, this technique will b
uniquely qualified to extract their surface tensions.

In this article validity of the proposed method will b
demonstrated using molten metallic drops that were levita

a!Present address: Materials Science Department, M/S 138-78, Calif
Institute of Technology, Pasadena, CA 91125; electronic mail: w
kyu.rhim@caltech.edu

b!Present address: Space Utilization Research Center, NASDA, 2-1-1
gen Tsukuba, Ibaraki 305-8505, Japan.
3570034-6748/2001/72(9)/3572/4/$18.00
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in a high vacuum. In absence of gas friction, satisfying
solid-body-rotation condition can be warranted. After the b
sic principle is verified, it will be applied to a bulk glass
forming alloy and measure the surface tension down to
temperatures where drop oscillation cannot be induced
to high viscosity.

II. EXPERIMENTAL APPARATUS AND APPROACH

The experiment was conducted using a high tempera
electrostatic levitator~HTESL! that operated in high vacuum
condition. The HTESL levitates a sample about 3 mm
diameter between a pair of parallel disk electrodes that
spaced about 12 mm~Fig. 1!. The electric field between
these two electrodes exerts electrostatic force on a cha
sample and cancels the downward gravitational force. T
four small side electrodes that surround the bottom electr
control the sample position along the horizontal directio
The vertical position control voltage is applied to the upp
electrode, while the bottom electrode is electrically ground
through an alternating current~ac! voltage source. This ac
voltage source generates oscillating electric field acr
the disk electrodes when it becomes necessary to ind
resonant oscillations on the levitated drop. The methods
measuring surface tension and viscosity from oscillat
drops that are levitated in the HTESL are described in de
in Ref. 6.

Two different methods can be used to induce a rotat
on a levitated sample. The first method of generating
torque is to use photon pressure,7 and the second method i
to apply a rotating magnetic field.8 While the first method
could apply to a broad range of sample materials, the sec
method was used in the present experiment since it offe
more precise rotation control for sample materials of h
electric conductivity.

Mounted on the top electrode in Fig. 1 was a four-c
assembly that was designed to generate a horizontal m
netic field that rotated at an appropriate frequency~400 Hz in
the present experiment! around the vertical direction. The
principle of the sample rotation mechanism is essentially

ia
-

n-
2 © 2001 American Institute of Physics
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3573Rev. Sci. Instrum., Vol. 72, No. 9, September 2001 Noncontact surface tension
same as the asynchronous induction motor. The four-coil
sembly plays the role of a stator while the levitated sam
serves as a rotor. A more detailed description of the c
assembly and its performance can be found in Ref. 8.
this article it is sufficient to know that if an ac voltageE1 at
frequencyvs is applied to a stator having a resistanceR1 and
an inductanceL1 , the torquet experienced by the rotor hav
ing an instantaneous rotation frequencyv is given by

t5S vsE1
2

R1
21vs

2L1
2D 1

R2
S 12

v

vs
D , ~1!

where R2 and L2 are, respectively, the resistance and
inductance of the rotor.

The electrode assembly was housed by a stainless
chamber that was typically evacuated to;1028 Torr.
Samples were heated using a xenon arc lamp. A deta
description of the HTESL was given in an earli
publication.9

For sample rotation frequency measurement, a He–
laser beam was directed to the sample, and the refle
beam was detected by a silicon photodetector. The ou
voltage of the detector was amplified and digitized to ge
Fourier power spectrum. Such a power spectrum sho
peaks at harmonics of sample rotation frequency. The po
spectrum only served as a coarse indicator of sample rota
frequency. More precise detection of rotation frequency w
achieved by exploiting the stroboscopic effects created
TV monitors. The frame rate of regular TV monitors is 30 H
~or 60 Hz field rate!. A charge coupled device camera ope
ating at the shutter speed 0.001 s was mounted on a tel
croscope to produce a magnified sample image on a
screen. Whenever the sample rotation rate approached o
the harmonics or subharmonics of the 60 Hz field rate, se
ingly static images appeared on the screen. Such str
scopic approach assisted by the power spectrum allowed
ambiguous determination of sample rotation rate within 0
Hz.

FIG. 1. Schematic side view of the electrode assembly. The four coil
sembly designed to generate a rotating magnetic field is mounted on th
electrode, while the bottom electrode is connected to ground through a
voltage ac source to induce drop oscillations.
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III. DETERMINATION OF EFFECTIVE OSCILLATION
FREQUENCY FROM THE SHAPES OF
ROTATING DROPS

The drop rotation experiment was conducted using
and aluminum samples approximately 25 K above their m
ing points. When levitated drops were brought to stable n
rotating states, resonant oscillations~n52 mode! were in-
duced and the respective frequencies were record
Subsequently sample rotation was initiated by applying
tating magnetic field at a present amplitude and frequenc

As a drop started rotating around the vertical axis,
initial spherical shape progressively changed to obl
spherical shape, and this trend continued until the bifurca
point was reached at which the axisymmetric shape bec
unstable with respect to the triaxial ellipsoidal shape. Af
the transition to triaxial shape the drop rotation frequenc
started to decrease due to rapidly increasing moment of
ertia even though the drops gained angular momentum.
ure 2 shows the side views of a rotating aluminum drop. T
view ~a! shows the initial nonrotating drop, and the view
~b!, ~c!, and ~d! depict progressively increasing oblatene
along the axisymmetric branch. The view~e! shows the drop
shape immediately following the bifurcation point, and t
view ~f! shows the drop shape with further elongated triax
ellipsoidal shape corresponding to a further increased
ment of inertia. Indeed, as shown in Fig. 3, this behavior w
in accordance with the theoretical predictions.

In Fig. 3, the normalized drop dimension,Rmax/Ro , was
plotted as a function of normalized rotation frequenc
v rot /vosc, whereRmax and Ro were, respectively, the maxi
mum radius of rotating drop and that of initial spherical dro

s-
top
gh

FIG. 2. Side views of a rotating aluminum drop as the angular momen
was progressively increased. The rotation frequencies of these figures a~a!
0, ~b! 60, ~c! 90, ~d! 118.5, ~e! 110.5, and~f! 108 Hz, respectively.~d!
Closely landed on the bifurcation point.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The drop rotation frequencyv rot was normalized by its own
oscillation frequencyvosc ~n52 mode! at its nonrotating
state. These experimental values are compared in the fi
with the theoretical curves calculated by Brown a
Scriven.3 Figure 3 shows that the experimental points of bo
the aluminum and tin drops follow the theoretical cur
within 2%. Also, the observed bifurcation points agrees w
the predicted value,v rot /vosc50.559, within 2%. Transition
between the axisymmetric and the triaxial branches was
versible as long as the applied torque level was kept su
ciently low to ensure the solid-body-rotation condition. W
observe in Fig. 3 that the data points along the axisymme
branch are slightly below the theoretical curve. This w
caused due to slightly elongated spherical shape of the d
in their initial nonrotating states.

The fact thatv rot /vosc50.559 at the bifurcation poin
allows the indirect determination of the effective oscillati
frequencyvosc if the rotation frequencyv rot is measured
immediately past the bifurcation point. Then one can u
voscand determine the surface tensions of the sample foll
ing the procedure that was used in the familiar drop osci
tion technique for surface tension measurement.6 In general,
if Rmax/Ro and v rot are measured,vosc can be determined
from Fig. 3. Basically, this was the proposal made by El
man et al. Indeed, in the present experiment, the rotat
frequenciesv rot of a molten tin drop could be measure
along the axisymmetric branch using oxide patches on
drop surface as tracers.

The axisymmetric branch in Fig. 3 can be expressed
the following polynomial:

Rmax/Ro5111.47631022F11.2532F221.7877F3

13.7385F4, ~2!

where F5v rot /vosc. Thus, this equation effectively dete

FIG. 3. Normalized drop dimension,Rmax/Ro , was plotted as a function o
normalized rotation frequency,v rot /vosc, whereRmax andRo were, respec-
tively, the maximum radius of rotating drop and that of initial spheric
drop. The drop rotation frequencyv rot was normalized by its own oscillation
frequencyvosc ~n52 mode! at its nonrotating state. These experimen
values are compared with the theoretical curves calculated by Brown
Scriven.
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mines what might be the oscillation frequency of the drop
its nonrotating state,vosc, if drop dimensionRmax/Ro is
measured accurately at a given rotational frequency,v rot .
Figure 4 shows the effective oscillation frequency,vosc/2p,
of a molten tin drop so obtained as a function of rotati
frequency. Also shown in the figure is the actual oscillati
frequency of the sample that was measured at the same
perature. At the lower rotation frequency, the effective os
lation frequencies scattered widely, then, as the drop rota
frequency approached the bifurcation point, i.e.,v rot /vosc

50.559, the data points converged rapidly to the actual
cillation frequency. This can be understood sinceRmax/Ro

increases with the rotation frequency, giving higher accur
in v rot /vosc. From Fig. 4 one can see the effective oscillati
frequency agreed with the actual frequency within62%
~which corresponded to62 Hz!. This accuracy is lower than
that of directly measured oscillation frequency that was
producible within 0.5 Hz. However, what makes this tec
nique unique is in the fact that this noncontact technique
also measure the surface tension of highly viscous liquids
which the drop oscillation technique cannot be applied.
believe that the present accuracy of the effective freque
may be increased as the accuracy in drop sizing is improv
Finally, it is important to note that the present techniq
could measure the drop rotation frequency throughout
entire axisymmetric branch simply because the drop sho
some surface structure. However, if sample surface does
offer any detectable structure, one should measure the
rotation frequency immediately following the bifurcatio
point and usev rot /vosc50.559 to determine the effective os
cillation frequencyvosc.

IV. APPLICATION TO A BULK GLASS-FORMING
ALLOY

For low viscosity liquids, the drop oscillation techniqu
is an adequate noncontact technique for surface tension m

l

nd

FIG. 4. The effective oscillation frequencies,vosc/2p, of a molten tin drop
are plotted as a function of rotation frequency. Also shown in the figur
the actual oscillation frequency of the sample that was actually measur
the same temperature.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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3575Rev. Sci. Instrum., Vol. 72, No. 9, September 2001 Noncontact surface tension
surements. However, some liquids have such high visco
that drop oscillations cannot be induced. For instance,
cosity of glass forming alloys increase nearly 14 ord
magnitude as they approach their glass transition temp
tures. In the present work a bulk glass-forming all
(Zr41.2Ti13.8Cu12.5Ni10.0Be22.5)

10 was selected to demonstra
the capability of the new technique for surface tension m
surement. The viscosity of this alloy increased so much
low 1080 K (Tm5993 K) that it was not possible to induc
oscillations on the levitated drop. Figure 5 shows the surf
tensions of the glass-forming alloy that were measured w
the technique. Also shown in the figure are the surface
sion data that were obtained using the drop oscillation te
nique that was possible at the higher temperatures. The o
circles are the surface tensions measured using the techn

FIG. 5. Surface tensions of a bulk glass-forming alloy that were meas
using the technique at several different temperatures. Also shown in
higher temperature range are the surface tension data obtained usin
drop oscillation technique that was possible due to the lower liquid visco
in this range.
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~the drop rotation method!. The triangles are the data take
by the oscillation method and the solid circles are the av
ages of these data. Figure 5 shows that the drop oscilla
method becomes increasingly less accurate as the sa
temperature was lowered. However, the technique could
over and provided surface tension values at the lower t
peratures that were impossible otherwise. The linear fit to
data can be expressed by

S~T!51.6422.37~T2Tm!1024 N/m.

No data are available in the literature to compare with
present results.
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