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Precise measurement of liquid viscosity and surface tension
with an improved oscillating drop method
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~Received 18 June 2001; published 11 February 2002!

An improved oscillating drop method was developed to measure the surface tension and viscosity of a liquid
without any external forces under microgravity conditions. The combination of a drop levitation system, a laser
backlight system, and a line sensor enables the properties to be measured precisely. The surface tension value
from 68.964.3 mN/m to 71.864.5 mN/m and the viscosity value of 0.9231023 Pa s were obtained at
23.5 °C for pure water. These values agreed quite well with the reported value.
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The oscillating drop method is an attractive method
measuring thermophysical properties of a liquid. Using t
method, the properties can be measured without contam
tion because the sample does not come into contact with
substrates or crucibles. In addition, the properties can
measured over a wider temperature range, because an u
cooled state can be easily achieved and no reaction oc
with the crucible at higher temperatures. The basic theor
this method was established by Rayleigh@1# and Lamb@2#,
and the following equations were given for the calculation
these properties. Surface tension can be calculated usin

g5
3pMn2

n~n21!~n12!
, ~1!

whereg is the surface tension,M is the mass of the droplet
n is the label for oscillation mode, andn is the oscillation
frequency. Viscosity can be calculated using
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R
, ~2!

whereh is the viscosity,t is the modules of decay, andR is
the droplet radius in the stable state. In practice, some d
culties occur when applying the theories, because the dro
is usually under conditions different from the ideal ones. F
example, the droplet can be distorted or rotated@3# by a
given force field@4#. Some correction formulas have bee
proposed@5,6# and some technical efforts have been ma
@4#. However, the best way is obviously to measure with
any external forces and use the simple basic equations
this study, the drop-shaft type microgravity facilities of th
JAMIC ~Japan Microgravity Center! and the MGLAB~Mi-
crogravity Laboratory of Japan! were used to remove a
forces acting on the droplet. In addition, the positioni
forces such as an electromagnetic force, electrostatic fo
and acoustic force, were also removed. For this purpo
apparatus equipped with a line sensor and a laser back
system was developed.

Figure 1 shows a schematic diagram of the droplet form
tion system. At first, a droplet is placed between two need
facing each other. Next, the needles are moved backw
very quickly. In this case, the reduction of the initial speed
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the droplet is required because the droplet is significan
magnified for the precise detection of its small oscillation
When the initial speed is high, the droplet moves to the o
side of the observation area in an instant. The experime
apparatus was designed to overcome these difficu
through the following trial.

The geometry of the needle is one of the important f
tors. The tip of the needle was sharpened like a circular co
While the needle with this geometry is pulled out from t
droplet, the total interfacial free energy between the nee
and the droplet decreases gradually. This gradual decrea
the free energy gives a smaller force to the droplet and
ables the needle to be smoothly pulled out of the drop
When needles with a flat tip are used, the interfacial f
energy suddenly decreases at the tip and a strong forc
applied to the needle.

The wettability of the needle by the droplet is also
important factor for the stable levitation of the droplet. T
better the wettability is, the stronger the force is genera

FIG. 1. Schematic diagram of the droplet formation system.
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between the droplet and the needle. In this case, it se
better to use a material with poor wettability. However, wh
a poor-wetting material is used for the needles, the dro
cannot surround the needle, and consequently it adheres
part of the needle. When the needles are pulled away u
these conditions, the droplet is pulled toward the other s
of the adhering position. When a material with good wet
bility is used for the needles, the wettability of the tw
needles must be controlled to be exactly equal. A slight
ference in the wettability generates unbalanced wetting
the two needles. Based on these considerations, good-we
needles partially covered with a poor-wetting film have be
adopted. The areas of the good-wetting surface of the
needles can be controlled to be same by the film. Using th
types of needles, the initial speed is controlled at alm
zero.

Figure 2 shows a schematic diagram of the experime
apparatus. A small droplet of approximately 18 mg was u
in this study. For a smaller droplet, the resonance oscilla
frequency is larger and its damping rate is also higher. In
case, the observation can be finished in a short time. A
sensor is suitable for recording such fast and small osc
tions. The line sensor~DALSA Co. Ltd.! used in this study
can record 7200 lines per second with 2048 pixels. The n
ber of pixels is much larger than that of the one line in
area charge-coupled device~CCD! used for an ordinary high
speed video camera. The recording rate is also higher
that of an area CCD with the same pixels for one line.

In order to measure the amplitude precisely, the diam
should be measured at its maximum, that is, when the ph

FIG. 2. Schematic diagram of the measurement system~a! line
sensor,~b! cylindrical lens,~c! square slit,~d! beam expander,~e!
liquid supplier,~f! needle,~g! levitated droplet,~h! laser,~i! beam
expander.
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of the oscillation isp/2 rad. Under the conditions of thi
study, the period of the surface oscillation is approximat
0.018 s. For this frequency, the line sensor can record
lines per period, and this recording rate corresponds to
phase resolution of 0.05 rad. Accordingly, the sensor
measure the diameter at the oscillation phase ofp/2
60.025 rad. This means that the sensor can measure
diameter with an error of 0.1%. The shadow of a 3-m
diameter droplet occupies about 850 pixels and the erro
the measured diameter is also nearly 0.1%.

A laser backlight system alleviates away complicated
cusing problems. It is generally difficult to observe a movi
object with keeping it in focus. Even when an autofocusi
mechanism or a lens with a wide depth of field is used,
observed size of the object changes as it moves. In this
tem, the laser is focused on the line sensor by a cylindr
lens. The shadow of the droplet can be observed as a
line on the sensor, and using this method, the maximum
ameter of the droplet can be recorded for any position of
droplet. When the droplet moves inside the laser column,
precise maximum diameter can be measured because a
is a parallel ray. In particular, the droplet can move for a lo
distance in the direction of the laser axis because the l
column is long in that direction.

Figure 3 shows data recorded by the line sensor. One
is recorded over a period of 1/7200 s, and the next line
added to the right-hand side. This indicates that time pas
from the left to the right in this image. It is found that th
droplet moved about 3 mm in about 1 s and that the oscilla

FIG. 4. Fourier spectrums of the change in the maximum dia
eter for the initial period.
FIG. 3. Data recorded by the line sensor.
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tion was observed during this period. The change in
maximum diameter is measured from both edges of the d
let and converted into the real length using scales, wh
were determined by using three steel ball bearing sphere
different sizes. In order to remove the effect of any init
deviations, the initial change in the oscillation was inves
gated in detail using Fourier spectrums of the change in
maximum diameter for the initial period. In this levitatio
method, odd-order oscillations are not easily generated
cause the initial oscillation is generated by the two strai
needles. In Fig. 4, only the oscillations of then52 mode and

FIG. 5. Damping of the surface oscillation.
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the n54 mode are recognized. However, oscillation
highern mode is generally damped very quickly. In this ca
too, the oscillation of then54 mode is damped within 0.28
s. Accordingly, only the data after 0.28 s are used to calcu
t. Figure 5 shows the change in the amplitude and the fi
damping line. The calculated value oft is 0.525 s, and the
calculated viscosity is 0.9231023 Pa s. This value is very
close to the reported value of 0.92431023 Pa s at 23.5 °C
@7#.

In this method, no external force acts on the droplet a
the levitation, and consequently, the measured oscillati
show only single peak for the oscillation of then52 mode in
the Fourier spectrum. This fact guarantees that the shap
the droplet is spherical and Eq.~1! can be used to calculat
the surface tension without any corrections. Surface tens
values of 68.964.3 mN/m, 71.864.5 mN/m, and 70.0
64.0 mN/m are calculated from three different experime
tal runs. These values are very close to the reported valu
72.4 mN/m at 23.5 °C@8#. The scatter of these results com
from the slight difference in the droplet mass, and the m
sured frequencies were the same for the three runs. The
curacies are calculated from the resolution of the Fou
spectrums. As the oscillation frequency is higher, the reso
tion is higher relatively, and the higher resolution of Four
spectrum is also obtained for the longer observation time

This study was carried out as a part of the ‘‘Ground R
search Announcement for Space Utilization’’ promoted
the Japan Space Forum.
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