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There has been a great deal of current interest in understanding the thermodynamic behaviour of liquids in the undercooled
state. In industrial systems as well as in nature, liquid states are found to exist below the freezing point, especially if a pure
liquid remains in a relatively undisturbed state. For undercooled liquids, the measurement of thermophysical properties such
as viscosity, surface tension and thermal diffusivity present challenges because any physical interference with a probe
could lead to solidification. The undercooled state is sustainable in a containerless environment that may be provided for by
acoustic or electrostatic levitation. Among the methods used, the relaxation history of deformed drops as they revert back
towards spherical shape is recorded and used to obtain viscosity. Similarly, the thermal relaxation of an initially heated drop
is thermographically recorded and the history is used to evaluate the thermal diffusivity. Another technique involving the
stimulation of thermocapillary flow on a levitated liquid sample with a laser has also been developed. Thermal measure-
ments include additional challenges because of buoyant convection which dominates over thermocapillary flow masks the
desired measurements. Therefore, drops horizontally flattened by the acoustic field are used. This procedure reduces the
hydrostatic head to 0.5 mm and significantly reduces the presence of buoyant convection. In this review, some techniques
involving physical and thermal manipulation of highly viscous liquids in the levitated state are discussed and the feasibility of

some new methods is discussed and evaluated.
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1. Introduction

From a materials science standpoint, the fundamental
interest in undercooled liquids arises from the possibilities
that different crystal structures can be created through the
thermodynamic path leading to homogeneous nucleation.
The undercooled state refers to the situation when a liquid
sustains its fluidic state even below its normal freezing
point. To understand the basic thermodynamics of the
undercooled state, one has to be able to carry out the
measurement of the thermophysical properties in this state.
Under the circumstances, conventional measuring
techniques (such as with probes) are not particularly useful
because by physical intrusion, bulk liquids can undergo
solidification that starts taking place at one of numerous
nucleation sites. For that matter, the container walls
themselves can act as nucleation sites, and hamper
undercooling. It is well known that levitation of a small
liquid sample is an effective way to attain a large degree of
undercooling. Firstly, because the small sample volume
reduces the number of the potential nucleation sites and
secondly, the self-contained sample is free from the
possibility of nucleation at the container walls [1, 2].

In this review of previously reported results, noncon-
tact measurement techniques for surface tension, viscosity
and thermal diffusivity are discussed. It is not a compre-
hensive review but is limited to some developments made
in the last decade, focusing particularly on high-viscosity
liquids. For liquids with low to moderate viscosities, reso-

nant-frequency methods [3, 4] have served as an effective
means for viscosity and surface-tension measurement.
However, for very viscous liquids, intense damping makes
the resonant-frequency methods difficult to apply. For
such liquids, shape relaxation of a deformed drop driven
by surface tension toward a spherical shape has been ef-
fectively used [5, 6]. The relaxation phenomenon arises in
natural systems as well as in industrial processes. There-
fore, the physical fundamentals of drop relaxation have
been of long-standing interest. The theoretical aspects of
drop relaxation with small initial deformations have been
studied thoroughly and various results have appeared in
the literature [3, 4, 7-12]. The dynamics of relaxation is af-
fected considerably by the presence of Earth’s gravity, and
this has hampered some measurements where surface ten-
sion-driven relaxation is small enough to be comparable to
gravitational deformation. As a means to mitigate gravita-
tional effects, viscous liquid drops were acoustically levi-
tated and rotated to cause elongation [5]. The relaxation
was initiated by turning off the acoustic torque and the re-
corded history of the process allowed the inference of the
viscous properties.

The other approach to minimizing gravitational effects
is to utilize microgravity environments. Short duration mi-
crogravity environments up to 30 seconds can be created
by the drop tube/tower facilities and the parabolic flight of
aircrafts. Long-duration microgravity environments can be
created onboard spacecraft orbiting around Earth [13].
While long-duration microgravity environments have been
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generally preferable, the studies on the shape relaxation of
acoustically levitated drops [5] showed that some drops
completed the relaxation in short times (of the order of
seconds). In light of this observation, an experiment in
which an initially levitated drop was suddenly released and
allowed to fall freely for a short distance of several milli-
metres [6], was performed. The history of the shape re-
laxation during the free fall was characterized in terms of
the change in the aspect ratio. The results were then com-
pared with a simple linear relaxation model. This is a
unique experiment employing a compact and inexpensive
tabletop apparatus in contrast to the experiments utilizing
the conventional microgravity facilities that are structur-
ally extensive and require large resources.

The levitation approach has been used to measure
other thermophysical properties of undercooled liquid
drops such as density [1, 14], surface tension [15], and
heat capacity [1]. More recently, Ohsaka and coworkers
[5, 6] presented techniques for thermal diffusivity meas-
urement with the use of levitated liquids. Two separate
methods have been employed. Both used laser-heating as a
thermal stimulus on a levitated liquid sample, and em-
ployed an acoustic field for levitation and an infrared (IR)
camera as a thermal diagnostic device. Glycerin drops,
whose thermal diffusivity coefficient is well known, was
used as a model liquid to demonstrate the feasibility of
these techniques. The first one [16] was based on pure dif-
fusion thermal transport in the drop that was rotated about
a vertical axis so that the spot-heating was effectively axi-
symmetric in a time-average sense on the edge of the drop.
The heating was turned off after some time and the ther-
mal relaxation towards isothermal conditions was recorded
thermographically and used to calculate the thermal diffu-
sivity. With the second approach [17], laser-heating was
applied on a spot on the edge so that non-axisymmetric
heating took place. Additionally, the heating intensity was
sufficient to create thermocapillary flow. The challenge
with this technique is to suppress buoyancy-driven flow.
This was done by horizontally flattening the levitated drop
with an intense acoustic field to a thickness of 0.5 mm,
thereby significantly reducing the gravitational potential
within the drop. The thermocapillary flow field, along with
the thermographic temperature images, was recorded. At
the same time, a theoretical model based on lubrication
theory for these quantities was developed and used to
solve the inverse problem of calculating the thermal diffu-
sivity. This also entailed some calculations for thermal
transport with acoustic streaming [18] which is inherently
different from the conventional boundary-layer convec-
tion. This method did not significantly improve the accu-
racy over the thermal relaxation approach, and therefore
will not be discussed in much detail.

2. Surface tension and viscosity
measurement of molten metals

Rhim, Ohsaka, Paradis & Spjut [2] have carried out
viscosity and surface tension measurements of molten tin
and zirconium by electrostatically levitating drops of these

materials and applying weakly damped oscillations. The
measured oscillation frequency was correlated to the sur-
face tension and the damping constant to the viscosity. The
basic theory is described next.

2.1 Theory

For a liquid drop undergoing small-amplitude axi-
symmetric oscillations, the drop shape in terms of the ra-

dial distance (6, f) in the usual spherical coordinates is
described by

r0,t) =1y + § r, cos(w,t)P,(cos @)exp(—t/ 1), )]
n=2

where 7y is the spherical radius of the drop, P,(cosé) repre-
sents Legendre polynomials, and r, is the oscillation am-
plitude of the nth mode. The set of damping constants z, is
related to the sample kinematic viscosity v=7/pas fol-
lows:
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and the frequency w, is related to the surface tension o by
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The mode n=2 is the dominant mode of oscillation and the
corresponding parameters are
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The relationship between frequency and surface ten-
sion is in the absence of any charge. However, with elec-
trostatic levitation, when charge is present, the Rayleigh
correction [19] is required, resulting in the following ex-
pression for the for the oscillation frequency in the mode
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The surface tension then takes the form
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For charge measurement purposes, the simple force bal-
ance
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was used. Here V/L represents the electric field due to two
parallel plates a distance L apart with a potential difference
V. These results are based on the linear theory of drop os-
cillations. The analysis of Feng & Beard [20] on nonlinear
effects has led to a correction which, for the mode n =2 is
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where ¢ and e are defined by
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with E being the applied electric field.
2.2 Experimental procedure and data analysis

The technique involves a high-temperature electro-
static levitator (HTESL) which consists of two horizontal
electrodes about 12 mm apart, as shown in Fig. 1. The de-
tails can be seen in [2]. This system is capable of levitating
a 1-3 mm diameter sample between a pair of parallel-disk
electrodes placed 12 mm apart. The oscillations were ex-
cited by an AC voltage amplifier inserted between the bot-
tom electrode and the ground (see Fig. 1). Backlighting
along with shadowgraphy and photodetection was used as
a method of visualization of the oscillation profile. A sinu-
soidal pulse of a given frequency and amplitude was input
at the lower electrode, and the ensuing signal was taken to
have the form

y=Ae”"" sinQ27 fi + ), (10)
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Fig. 1. Schematic of the electrode arrangement for
induction of drop oscillations [2].

for which a least-squares fit was used to determine the fre-
quency f and the decay constant 7. These parameters were
then used to obtain the surface tension and viscosity using
equations (5-9). The results for the surface tension of tin as

a function of temperature are exhibited graphically in Fig.
2, and correlated by the formula

o(T) =[541.3-0.09(T —505)]x10° Nm™,

493K < T < 723K (11)

550
E
S 540
)
=
=3
§ 0
530
&
E

Tm
520

450 500 550 600 650 700 750
Temperature (K)

Fig. 2. Surface tension vs. temperature for of a tin
sample. The vertical line at 505 K indicates the
normal melting point [2].

The surface tension values from these noncontact ex-
periments are somewhat lower than what was found in
prior investigations. This discrepancy is attributed to sur-
face contamination. From the value of the decay constant
7, Equation (4) was used to obtain the viscosity 7= vp. A
plot of the experimental results is given in Fig. 3.
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Fig. 3. Viscosity vs. temperature for the tin sample. The
error bars show the spread of the data when repeated five
times at each temperature. The closed circles indicate the
average of the five data points. The solid curve is the
fitted data (open triangles) from reference [21].
Reproduced from [2].

Additional experiments were carried out with zirco-
nium for which the correlations are

o(T)=1.543-0.00037(T -2128) Nm™  (12)
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and

n=486-53x10"(T'-2128) mPas (13)
both in the range 1850-2200 K. For this experiment, deep
undercooling of up to 300 K was achieved. These results
are slightly higher than the measurements by Frohberg et
al [22] who used an electromagnetic levitator. This dis-
crepancy may be attributed to the magnetic field which
tends to cause a slight increase in the stiffness of the drop
[23].

This technique is reported to be suitable for highly re-
active molten refractory materials or for highly under-
cooled liquids. The method is applicable to liquids in the
approximate viscosity range, 1 mPa s < <130 mPa s.
Further developments for refactory metals have been dis-
cussed by Ishikawa, Paradis, Itami & Yoda [24]. In addi-
tion, there is recent work on undercooled platinum by
Ishikawa, Paradis & Koike [25].

3. Viscosity determination by shape
relaxation of elongated drops

For highly-viscous liquids (7> 10*>Pa s), the tech-
nique discussed above in Section 2 is not applicable,
mainly because the system is overdamped and oscillations
are hardly measurable. Ohsaka, Rednikov, Sadhal &
Trinh [5] used acoustic levitation to suspend a sucrose so-
lution drop. The technique involved levitation of a liquid
drop using an ultrasonic standing wave, and elongation of
the drop by rotating it beyond the bifurcation point. The
clongated drop was then allowed to be restored to its
original shape by the surface tension driven relaxation.
The time-dependent shape parameters of the relaxing drop
are related to the viscosity through a relaxation model. In
addition, this technique can also determine the surface ten-
sion that has a known relationship with the angular veloc-
ity at the bifurcation point.

The experimental apparatus is schematically shown in
Fig. 4 and a typical sequence of the relaxation of a sucrose
solution drop is shown in Fig. 5. The ultrasonic driver was
operated at approximately 18 kHz and used to generate a
vertical (z-direction) standing wave between the driver
head and the reflector for levitating a drop. Two broad-
band audio speakers (the second one is not shown) were
placed at the bottom corners of the chamber facing each
other at a 90° angle. The audio speakers were operated at
approximately 1.4 kHz and were used to generate lateral
standing waves in the acoustic chamber. A proper torque
was exerted on the drop when the relative phase of the lat-
eral standing waves was adjusted. Two cameras were used
to record the images of the levitated drop. Camera 1 re-
corded the side view of the drop, which typically deformed
into an oblate spheroid due to the acoustic pressure. The
images were used to determine the aspect ratio and the true
volume of the drop. Camera 2 was set up to look down the
drop through the hole made on the reflector. This camera
is capable of capturing the images up to 2000 frames per
second and was used to record the top view of the rotating

drop at the bifurcation point and during the shape relaxa-
tion. Although the apparatus did not have the capability of
controlling the sample temperature, the temperature inside
of the chamber remained between 28° and 29° C through-
out the measurement process. There was a size limitation
on the drops being levitated and elongated beyond the bi-
furcation point using this apparatus. As a result, only the
measurement on the drops with 1.0 mm < R; < 1.5 mm
could be performed. Here R, is the spherical equivalent ra-
dius of the drop whose volume is equal to that of the de-
formed drop.

Camera 2

Reflector .
\ Acoustic Chamber
[ S

T
=

Fig. 4. Schematic diagram of the apparatus [5]

Camera 1

-

[~ Sample
Audio Speaker

Ultragonic Driver

Fig. 5. A sequence of the shape relaxation of the initially
elongated drop with 7= 1.4 x 107 Poise at 28° C [5].

Samples of sucrose (sugar) solution were selected as
a model liquid, mainly because their viscosities could be
easily varied over many orders of magnitude at room tem-
perature by adjusting the water content. A small amount of
the solution was attached to the tip of a needle and inserted
into the levitation chamber. The solution was gradually de-
tached from the needle by gravity and acoustic radiation
pressure, and shaped into a drop. Once the drop was com-
pletely detached, it was formed into an oblate spheroid due
to the force balance among the surface tension, gravity and
the acoustic forces. The levitation parameters were then
adjusted so that the drop became stationary. The image of
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the stationary drop was digitally recorded for the volume
determination. The audio speakers were then turned on to
exert a torque on the drop. The drop started rotating and
expanded laterally as the rotation rate increased. The high-
speed camera continuously monitored the rotation of the
drop and recorded the moment of bifurcation for the angu-
lar velocity determination. After bifurcation, the drop
evolved into a two-lobed shape and continued to elongate
until the torque was suddenly removed by turning off the
audio speakers just before fission would occur. The elon-
gated drop immediately started decelerating due to air drag
and eventually stopped rotating. In order to shorten the de-
celeration stage, a counter torque was briefly applied by
reversing the phase difference of the lateral standing
waves before turning off the speakers in some cases.

X\y L

Fig. 6. A Schematic depicting the measured dimensions in
the relaxation experimen. [5].

The shape evolution of the drop during the decelera-
tion and subsequent non-rotating stages was recorded for
the relaxation rate determination. The images taken ini-
tially and during the relaxation were analyzed using com-
mercially available software to determine the volume of
the drop and the variation of the dimensions of the elon-
gated drop during the relaxation. Two representative di-
mensions of the elongated drop, the length, L, and the
maximum width, 7, as a function of the elapsed time were
measured. This is shown schematically in Fig. 6. These pa-
rameters were related to the viscosity by a relaxation
model of Mo, Zhou & Yu [26] that has been successfully
used for the determination of the interfacial tension be-
tween two immiscible polymer melts. The model relates
the shape evolution during relaxation to the physical prop-
erties of the working fluids. In their three-dimensional
model, the drop shape is described by a symmetric, posi-
tive-definite, second-rank tensor § whose eigenvalues rep-
resent the square semi-axis of the ellipsoid. With some
manipulation of the eignvalues of S, the following rela-
tionship was obtained [5]

:_ﬂ)_a{d(ln‘{’)} (14

19R, dt
where

> -w?
)

with L and W representing the length and the width, re-
spectively, as mentioned above. The subscript 0 refers to
some initial state. Since all the parameters in (14) and (15)
that are needed to determine 77 are measurable quantities,
the viscosity may be obtained [5].
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Fig. 7. Measured values of L and W as a function of
elapsed time [5].
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Fig. 8. Evolution of the shape parameter ¥ for n=1.2 x
10° Pa s at 28°C [5].

An interesting observation is that the data includes the
early stages of relaxation when the drop is actually two-
lobed. In spite of this deviation from the ellipsoidal shape,
the linear fit works unexpectedly well. For comparison, the
viscosity of the solutions was also determined by a falling
ball technique that was commonly used for highly viscous
liquids.

As mentioned earlier, Fig. 5 shows a sequence of the
shape relaxation of an elongated drop (Ry = 1.3 mm, 7=

1.2 x 10° Pa s at 28°C). The images are the top view of the
drop. The small dark spots in the drop are the air bubbles
of varying size. The time interval between two consecu-
tive images is 3 seconds. The elongated drop was not
completely stationary but exhibited slow rocking and
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translational motion which does not significantly affect the
relaxation process.

Experimental results for the sugar-solution test case
have been obtained and agree quite well with measure-
ments using the falling-ball method. The measured values
of L(¢) and W(¢) show a fairly linear behaviour with time
as shown in Fig. 7. The shape evolution parameter, In(\t'),
is plotted in Fig. 8 as a function of time. A linear behav-
iour with a negative slope is seen, and it is quite straight-
forward to interpret the viscosity. An interesting observa-
tion is that the data includes the early stages of relaxation
when the drop is actually two-lobed. In spite of this devia-
tion from the ellipsoidal shape, the linear fit works unex-
pectedly well.

4
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Fig. 9. Correlation between 1, determined by the falling
ball technique, vs. 1, determined by the present
technique on log-log scales [5].

Fig. 9 shows the viscosity, 77, determined by the fal-
ling ball technique vs. the viscosity, 73, determined by the
present technique in the logarithm scale. As seen in the
figure, a correlation exists for Solutions #1 and #2, but not
for Solution #3. We suspect that the viscosity values for
Solution #3 are strongly affected by the drop rotation that
sometimes lasts more than 4 seconds. The apparatus did
not have capability to vary the temperature of the drop,
which prevented the performance of the measurement on
actually undercooled liquids.

Because of the limited capability of the acoustic levi-
tator, the equipment could only be used to perform the
measurements on low density liquids (< 2 g/cm®). An ad-
vantage of the present technique is its capability for de-
termining the surface tension of the drop from the meas-
urement of the angular velocity at the bifurcation because
the normalized angular velocity has a unique value at the
bifurcation point. This technique is limited to highly vis-
cous liquids (7> 10 Pa s) because the rotation of the
elongated drop cannot be stopped instantaneously. On the
other hand, the resonant oscillation technique can only be
used for low-viscosity liquids (7< 10" Pa s). Therefore,
liquids whose viscosities are in the range, 10° Pa s < <
107" Pa s cannot be covered by either technique. A method

suitable for this range is discussed next. While the tech-
nique has been discussed in another review [27], the re-
sults are presented here for completeness.

4. Viscosity measurement by 50 millisecond
free fall

In the range 10> Pas < 7< 10" Pa s, a liquid drop ex-
periences oscillations that are highly damped. It is possible
to record these oscillations if the gravitational effects can
be effectively neutralized. To this end, Sadhal, Rednikov
& Ohsaka [6] devised a millisecond-scale free-fall table-
top experiment. Sadhal, Rednikov & Ohsaka [6] employed
an acoustic-electrostatic hybrid levitator to initially sus-
pend a drop in air. With the forces due to levitation, sur-
face tension and gravity in play, the levitated drop was de-
formed at equilibrium. In a levitated state, the drop as-
sumed approximately a prolate spheroid shape in the elec-
trostatic levitation mode and an oblate spheroid in the
acoustic levitation mode. During the free fall, relaxation of
the drop took place leading to a final spherical shape. De-
pending on the physical properties such as the volume,
surface tension and viscosity, the shape relaxation pro-
ceeded in either an oscillatory or non-oscillatory manner.

Top View
High-speed camera

Position-sensing

He-Ne position-
P detector

sensing laser

Tlluminating light

Side View Top electrod
op electrode
N
O
N Drop
i iBottom electrode
Transducer
— 7

Fig. 10. A schematic description of the experimental
apparatus [6].

A schematic of the table-top apparatus [6] is shown in
Fig. 10. The upper and lower electrodes were 23 mm
apart, and drops were typically levitated at approximately
11 mm above the lower one which was also the transducer
head. The apparatus was operable in the acoustic or the
electrostatic levitation modes. In the latter mode, the posi-
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tion-tracking unit (laser and detector) monitored the drop
position and adjusted the applied voltage 250 times per
second to keep the drop at a preset position. The free fall
of the drop was initiated by suddenly turning off the levita-
tion field. Typically, the fall lasted approximately 50 milli-
seconds until the drop hit the bottom electrode. For about
the first twenty milliseconds of the fall, the images of the
drop were captured by a high-speed digital camera (oper-
ated at 1000 frame/sec). The drop was back-illuminated by
white light, which created a sharply-contrasted dark image
on bright background (see Fig. 11).

Fig. 11. Drop images: (left) an electrostatically levitated
drop, (right) an acoustically levitated drop [6].

Experiments were carried out with distilled water, a
water/glycerin solution and silicone oils with properties:

Test liquid o (mNm™") | 7 (mPas)
distilled water 71 1.0
water-glycerin solution 68 31
silicone-oil 1 21 10
silicone-oil 2 21 100

where o and 7 are the surface tension and dynamic viscos-
ity, respectively. A small amount of the solution (ap-
proximately 1ul) was initially suspended in the levitation
field. The drop was initially in one of the following three
states: (1) acoustically levitated and uncharged, (2) acous-
tically levitated and charged, or (3) electrostatically levi-
tated and (necessarily) charged. The free fall was set off
after the drop stabilized by turning off the levitation field.
The high-speed camera captured the images that were
transferred to a video recorder for analysis. Lastly, the
images of a solid sphere with known radius were taken for
calibration. All measurements were performed at room
temperature, and the drop images recorded on videotape
were transferred to a computer for the size and shape de-
termination by commercially available software. Fig. 11
shows typical images of levitated drops in electrostatic and
acoustic levitation modes. Measurements of the equatorial
and polar diameters, W, and H, respectively, were carried
out, and the images generally covered about 100 x 100
pixels. Since the sharpness of the edge also varied among
the images, two readings for each measurement were
taken. For the equatorial diameter, minimum and maxi-

mum values (W"" and W) were obtained by locating the
edge at the respective inner and outer edges of the blur re-
gion. Similar measurements for the polar diameter (H™"
and H"™) were also made, and the degree of deformation
from the spherical shape was characterized by minimum
and maximum aspect ratios, W""/H"™ and W"“/H"", re-
spectively. Additionally, the measurement of the position
of the centre of mass of the falling drop allowed the de-
termination of the acceleration of a falling drop.

4.1 Drop Deformation theory

For axisymmetric prolate/oblate drop oscillations, a
linear theory was applied so that the shape of the funda-
mental mode (/ = 2) could be described by the relationship

[6]:

r(6,1) = d[1+ &, (1) P (cos 0], (16)
where r and @ are the spherical coordinates, @ is the
spherical radius of the drop, and ¢ is the time,

B =(3x"-1) (17)

is the Legendre Polynomial of the order /=2, and &(?) is
the dimensionless amplitude. Using the information that
the equatorial and the polar diameters of the drop are W =
2r(m'2, t) and H = 2r(0, t), respectively, it is not difficult to
show that the aspect ratio W/H is

Wo_i_s . 18
=] 0 (18)

For the equilibrium of a drop of mass m, carrying a to-
tal charge ¢, and electrostatically levitated in the middle of
two parallel electrodes, the force balance is described by

qV

mg == (19)

where V' is the applied voltage between the two electrodes,
and L is the distance between the two electrodes. This
equation was used to calculate the charge on the drop, all
the other parameters being known. It is important to know
the charge because it influences the shape-relaxation proc-
ess, even though the field is turned off to release the drop
into free-fall. In the study being reviewed, the drop was
assumed to be a perfect conductor, while the surrounding
air to be a perfect insulator. From Rayleigh’s theory [19],
the effect of the electrostatic force is equivalent to a reduc-
tion in the surface tension o so that apparent value is

2
9 (20)

Oy =0C—————
v () (47)2 (1 +2)yd’
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where / is the order of the Legendre polynomial, and & is
the permittivity (SI units) in vacuum. As in equation (16)
with [ = 2, the fundamental mode of oscillation was as-
sumed. The capillary number was defined as

2
Ca=—01 (21)
PO ap2)@

where p is the density and o, is given by Equation (20)
with / = 2. In the case of uncharged drops, o,,> may be
replaced by o. As mentioned earlier, the dynamics of the
system consists of damped oscillations. For the capillary
number taking on the value Ca, = 0.587, the system is
critically damped. For Ca < Ca,, the drop relaxation pro-
ceeds in an oscillatory manner (underdamped), while for
Ca > Ca,, in a non-oscillatory manner (overdamped). The
respective cases of underdamped and overdamped have
been characterized by the following expressions [6] for the
aspect ratio, W/H:

w _ .
o =1+e % (4 cosax+ A sinax), (Ca<Cay) (22)

and

w

o= 1+ A4e™ " + 4,e™,  (Ca>Cay).  (23)

where the amplitudes 4; and 4, need to be small for the
linear theory to be valid. The angular frequency @ and the
damping factor J can be written in the following dimen-
sionless forms

A 2
ot = pa’ |? a) and g*=LL (24)
Tap(2) H
3
. .
()]
1 4
0

0 0.1 0.2 0.3 0.4 0.5 0.6
Capillary number, Ca

Fig. 12. Dimensionless frequency of the fundamental
mode (I=2) vs. the capillary number [6].

The variation of @ as a function of Ca is plotted in
Fig. 12, where the frequency is seen to decrease with in-
creasing Ca and vanishes at Ca = Ca,,. The dimensionless

*
damping factor, ¢ , is expressed as a function of Ca in Fig.

13, where it can be seen that at Ca = Ca,,, the value of s
bifurcates inEo two branches, &; (bottom) and 52* (top). As
Ca — o, & = (20/19)Ca™ controls the damping rate and
the second term in Equation (23) can be neglected. When
Ca is close to Ca, however, the both terms contribute to
the overall relaxation. For both the cases (under- and over-
damped), at Ca =0, @=\8 and &=5 are established [3].

5" -
6 | P e

0 05 10 15 20 25 30
Capillary number, Ca

Fig. 13. Dimensionless damping rate of the fundamental
mode (1=2) vs. the capillary number [6].

4.2 Experiments and Results

Several cases of test fluids were used in the experi-
ments, and the data on the aspect ratio W/H were recorded.
Some of the results are presented here, and in each figure,
the experimentally determined aspect ratios are shown
with the short vertical bars whose ends correspond to the
possible minimum and maximum aspect ratios. In addi-
tion, theoretical calculations based on Equations (22) and
(23) were carried out. The solid curve in each figure repre-
sents the model prediction and is calculated with some ex-
perimentally determined parameters. The horizontal line
represents the aspect ratio of the completely relaxed drop.
For the purpose of theoretical calculation, first the charge
was calculated using Equation (19) followed by the appar-
ent surface tension determination using Equation (20) for
the fundamental mode and the capillary number from
Equation (21). Subsequently, @ and & were read off from
Figs. 12 and 13 for the given Ca value to calculate the di-
mensioned values of @ and ¢ using Equation (24). The
amplitudes 4, and 4, were established by the value of W/H
at t = 0, together with the assumption that d(W/H)/dt = 0 at
t = 0, which corresponds to the relaxation process starting
from rest.

In Figs. 14-18, results are presented for the following
cases (w-g refers to water-glycerin solution and Si-o refers
to silicone-oil):

Fig. | Liquid type a (mm) n Ca
(mPa s)

14 | Uncharged w-g 1.20 25 0.01

15 | Uncharged Si-o 0.96 10 0.0045

16 | Uncharged Si-o 1.1 100 0.446

17 | Charged w-g 1.3 31 0.014

18 | Charged Si-o 1.1 10 0.008
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Fig. 14. Shape relaxation of an acoustic
uncharged W/G drop (a =1.20 mm, Ca

W/G solution
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Fig. 15. Shape relaxation of an acoustically levitated
silicone oil drop (a = 0.96 mm, Ca = 0.0045) [6].

Silicone oil
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20 25

Fig. 16. Shape relaxation of an acoustically levitated
silicone oil drop (a = 1.1 mm, Ca = 0.446) [6].
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Fig. 17. Shape relaxation of an electrostatically levitated
charged water-glycerin drop (a = 1.3 mm, Ca = 0.014) [6].

Fig. 14 for an uncharged water-glycerin solution drop
shows good agreement with the theory. In Fig. 15, results
for an acoustically levitated silicone-oil drop are pre-
sented. While the linear model appears to adequately the
amplitude and the frequency of the relaxation process,
some discrepancy in the apparent damping rate is seen.
This may be attributed to the non-linearity in the system.
Fig. 16 is the case of an overdamped uncharged silicone
oil drop. Again, the agreement with theory is good, in spite
of the large amplitude. The next two figures show results
for electrostatically levitated drops. Fig. 17 shows the re-
sult for a charged water-glycerin solution drop. There is
some discrepancy in the 5-10 ms range but remaining part
of the relaxation process agrees well with the theory. Fig.
18 represents a result for a silicone oil drop. The damping
is underpredicted to the extent that the error bars lie out-
side the theoretical curve. Since initial deformations are
small, the nonlinear effects are unlikely to be the cause of
this discrepancy. It is likely that the electrical conductivity
plays a role in creating this discrepancy. Under electro-
static levitation, when the field is subsequently shut off,
the charge undergoes redistribution. If the drop has non-
zero conductivity, the redistribution is possibly not instan-
taneous. As a result, it is conceivable that the charge redis-
tribution may contribute to the apparent stiffness.

1.10 Silicone oil
- 10 mPas
%%?%@§
00 e bohla
e
0.90% 5 10 15 20 25

Time (msec)

Fig. 18. Shape relaxation of an electrostatically levitated
silicone-oil drop (a = 1.1 mm, Ca = 0.008) [6].

5. Thermal diffusivity measurement

Non-contact thermal diffusivity measurement of
liquids is a bigger challenge than that for viscosity and
surface tension because various phenomena such as
buoyancy and thermocapillary flow set in when thermal
stimuli are applied. While thermocapillary itself can be
used as a measurement device (as discussed at the end of
this section), buoyancy is particularly disruptive because it
dominates over surface-driven fluid motion. Therefore, as
a means to mitigate buoyancy-driven flow, acoustic-ally
flattening of the drop into a horizontal disk has been
applied, thereby reducing the gravitational potential [16].
For low-level thermal stimuli, thermocapillary flow may
also be weak for the flat disk. Therefore, a pure conduc-
tion-based technique has been devised by Ohsaka, Redni-
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kov & Sadhal [16]. The technique involved the acoustic
levitation of a small amount of liquid in the shape of a
drop and the application of a thermal stimulus with a CO,
laser on the edge of the drop. Since the drop also rotates
about the wvertical axis, the heating is actually
circumferential. The heated drop was then allowed to cool
by heat loss from the surface (thermal relaxation). Due to
acoustic streaming, the heat loss was quite non-uniform
and appeared to occur mainly at the equator. While this
approximation has been utilized [16], refined models can
quite likely provide further improvement. The feasibility
of the technique was demonstrated with the use of glycerin
drops as a model liquid. This technique was also discussed
in a previous review [27], and several of the details are
repeated here for the sake of completeness and
comparative analysis with a subsequent study [17].

5.1 Apparatus

The apparatus was the same as the one used for vis-
cous damped oscillations (Fig. 10) but some modifications
were made for the thermal measurements. A schematic
exhibiting the experimental settings is shown in Fig. 19.
As with the free-fall experiment, an ultrasonic transducer
was used to generate a 23-kHz standing wave between the
transducer head and the reflector, and liquid drop was levi-
tated near a pressure node of the standing wave. Images of
the levitated drop were captured by two video cameras lo-
cated at the top and side of the levitator. These images
were then used to determine the aspect ratio and actual
dimensions of the drop. As mentioned earlier, a CO, laser
aimed at the drop was used to heat the drop. The surface
temperature of the drop was continuously monitored with
an infrared (IR) camera looking down the drop.

IR
Camera

Reflector
¥

| —

Laser I o Video
¥ [

Camera
T

—TJ

Transducer

Mirror

Video
Camera :l

Fig. 19. Schematic of the experimental apparatus show-
ing the key parts [16, 27]

5.2 Procedure

The procedure required the levitation of a small glyc-
erin sample (approximately 15 pl) which was introduced
into the levitation field with a hypodermic syringe. Upon
detachment from the syringe, the sample and formed into
an oblate spheroidal drop due to the action of various
forces (gravity, surface tension and acoustic pressure), as
shown in Fig. 20.

Fig. 20. Side view of an acoustically flattened drop
with an aspect ratio of 2.6 [16, 27].

By varying the acoustic pressure, the drop aspect
ratio, a/b, could be adjusted between 1.3 and 2.6. Here a
and b are the equatorial and polar radii of the drop,
respectively. The flattened drop shown in Fig. 20 has an
aspect ratio of approximately 2.6. While maximum
flattening would help mitigate buoyancy interference,
further increasing the acoustic pressure would cause the
top and bottom surfaces of the drop to dimple. Never-
theless, experiments and analysis with a dimpled drop
have also been carried out, and are discussed in Section
5.4.

The CO, laser producing a narrow beam was turned
on to locally heat the drop at a small area on the edge of
the drop. The local heating caused the free-floating drop to
rotate about the polar axis due to a thermally-driven
torque. The result is a fairly uniform heating along the
circumference. Conduction into the interior caused a rise
in the drop temperature as a whole. After reaching a
certain temperature, the laser was turned off and the drop
is allowed to cool with the exterior convection.

A sequence of the IR images (0.5 s intervals) can be
seen in Fig. 21, exhibiting the temperature at the top
surface during the cooling process. Each color region
represents a certain temperature range on the surface. The
white circles superimposed on the first and last images
indicate the circumference of the drop. To track the heat
diffusion in time, a specific color ring is followed, and the
prog-ression of that isotherm in time is recorded. The color
being tracked is indicated by an arrow pointing to the ring
in each image. As seen in this sequence of images, the
selected isotherm gradually recedes and eventually
disappears towards the centre. While the interior of the
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drop continuously cools, the temperature at the circum-
ference remains approximately constant at a temperature
just above the ambient. Since the acoustic streaming
pattern around the flattened drop is quite non-uniform, the

4.5
Fig. 21. A sequence of the IR images showing the receding thermal rings [16, 27].

5.3 Heat Flow Model

A simple one-dimensional radial flow heat conduction
model was employed to establish a relationship between
the selected isotherm and time. It was assumed that the
heat loss at the circumference was predominant, and the
temperature at the circumference was taken to remain con-
stant at near a room temperature value. Under this ap-
proximation, no consideration was given to the heat loss
from the top and bottom. The details of the governing
equations are available in [16]. The numerical solution of
the one-dimensional heat equation gave the time evolution
of the temperature profile, and this allowed the location of
the coordinates of a specific isotherm that represent a par-
ticular colour ring in the IR images. The calculations were
performed using the known thermal diffusivity of glycerin
together with comparisons with the experimental result.

convective heat loss from an acoustically levitated drop is
also not uniform, and occurs mainly at the circumference.
The receding rings are the result of internal heat flow
toward the circumference.

5.0

5.4 Results and discussion

The position of the receding isotherm (show by ar-
rows in Fig. 21) was measured and recorded. For the nu-
merical calculation, the initial temperature distribution was
determined from the first image. The property parameters
were: drop spherical radius @ = 0.26 cm, and thermal dif-
fusivity @ = 0.001 cm*/sec. The plots of the isotherm
tracking as a function of time from the experiment and the
numerical calculation are given in Fig. 22. The experimen-
tal results show that the levitated glycerin drop has the ap-
parent thermal diffusivity coefficient that is larger than the
accepted value by 25%. The agreement between the ex-
periment and the model turns out to be fair at best because
of the highly simplified heat conduction model. One of the
simplifications is lack of accounting of the heat loss from
the top and bottom surfaces. In addition, the one-
dimensional model does not take into consideration the



Non-intrusive thermophysical property measurement by acoustic and electrostatic levitation of liquids 2851

vertical temperature variation. Across-the-board correction
for different materials may produce inconsistent results.
For example, the 25% overprediction found for glycerin
drops in the present measurement cannot be applied to wa-
ter drops. Furthermore, the relationship between the aspect
ratio and the sound pressure level varies for different ma-
terials. Therefore, the streaming intensity as well as the
convective heat loss from the surface is material depend-
ent. However, the technique is useful if it can be calibrated
for various pressure levels and aspect ratios. The other al-
ternative is to improve the analytical model. The convec-
tive transport with acoustic streaming has been modelled
by Lee, Sadhal & Rednikov [17].

0.8

O Glycerin - experiment
— Glycerin - model

Normalized Radius

0.00 0.02 0.04 0.06  ~ 0.08 0.10
Normalized Time

Fig. 22. The normalized radius of the receding ring
representing a particular temperature as a function of the
normalized time [16, 27].

Another technique using thermocapillary flow has
been explored by Lee, Ohsaka, Rednikov & Sadhal [17].
The motivation was that the thermocapillary flow meas-
urement and an analytical mode for this system could be
used to solve the inverse problem. Here, the liquid disk
was flattened to a thickness of 500pm and an aspect ratio
of about 10. As mentioned before, the drop dimpled on the
top and bottom surfaces. In addition, drop rotation was
suppressed so that the thermal stimulation took place at a
single spot, leading to asymmetric heating. Continuous
heating at one spot produced sufficient intensity to set of
thermocapillary flow. In addition, the intense acoustic
field caused substantial surface heat loss besides the cir-
cumference so that this effect had to be properly accom-
modated. A theoretical model based on lubrication theory
was set up for both fluid flow and heat transfer in the inte-
rior of the dimpled drop. The thermocapillary force term
resulting from the surface tension on top and bottom
boundaries became a part of the thickness-averaged mo-
mentum equation. It became necessary to consider dim-
pled drops (as opposed to flat ones) because otherwise, the
thermocapillary-force term in this momentum equation be-
came a conservative force leading to a trivial solution for

the velocity field. The dimpled drop was assumed to have
a concave paraboloidal shape profile both on the top and
the bottom, and this was implemented into the lubrication
approximation. In addition, the effect of acoustic stream-
ing on heat transfer was modelled by using the flow field
based on an oblate spheroid [28]. The transport mecha-
nism with streaming is quite different from the usual con-
vective transport. This different characterization arises
particularly due to the slip velocity at the liquid-gas inter-
face that is typical of acoustic streaming, as discussed in
[18]. The dimensionless heat flux from the drop due to the
exterior convection (Biot number) on the top surface (and
identically the bottom) and side edge of glycerin drop
were calculated from an acoustic streaming analysis.

The numerical analysis for the flattened drop involved
an input of known viscosity values (as a function of tem-
perature), constant but adjustable trial input values of the
thermal diffusivity, laser heating rate, and Biot numbers
(spatially varying) at the liquid-gas interfaces. Various
thermal diffusivity inputs were used until good agreement
of the thermal and the flow fields were obtained. The flow
field was compared only qualitatively while for the ther-
mal field, a more precise agreement is sought. A good
agreement for the temperature distribution along the di-
ameter of symmetry established the thermal diffusivity
value. However, since the thermocapillary flow pattern
and the temperature distribution measurements were
largely qualitative, there was considerable error in the re-
sults which indicated no improvement over the thermal re-
laxation method. It may therefore be concluded that the
thermal relaxation method would be better and investiga-
tors need to focus on improving on it, particularly the ana-
lytical part. With the analytical developments with the
dimpled drop [17, 18], better analysis for the thermal re-
laxation method should not be very difficult.

6. Discussion

For understanding the basic thermodynamics of lig-
uids in the undercooled region, it is important to measure
the thermophysical properties of these materials. Since
liquids in the undercooled state are sensitive to disruption
by traditional measurement devices (e.g., probes), non-
intrusive methods are necessary for the measurement. For
this purpose, electrostatic and acoustic levitation of liquid
samples are useful for achieving the undercooled state, as
well as for the measurement. Resonant-frequency methods
have been found to be effective for the non-contact meas-
urement of viscosity and surface tension for low-viscosity
liquids. For such cases, the surface oscillation frequency of
the levitated samples is easily identifiable. Well-
established theories correlate the surface tension to the
frequency and the viscosity to the damping coefficient. For
undercooled metallic melts in the viscosity range 1-130
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mPa s, this technique has been successfully applied by
Rhim et al. [4]. With increasing viscosity, as the damping
gets more pronounced, the oscillations become more diffi-
cult to visualize. The shape of the sample (in the form of a
liquid drop) is more sensitive to interference from external
effects such as the gravity field and the levitation force.
For such situations, in the medium viscosity range (0.1-
100 Pa s), the shape-relaxation method under short-time
free fall is an effective technique for determining the vis-
cosity [6]. The free-fall, even though for a short time, sig-
nificantly mitigates the gravitational effects and free re-
laxation with viscous damping is measurable. The investi-
gators showed that the linear model based on the funda-
mental mode is adequate for acoustically levitated drops
when the initial deformation is small. The discrepancies
appeared in the drops with large initial deformations were
attributed to nonlinear effects. Generally, the amplitude
decay rates appeared higher than the linear model predic-
tion. With electrostatic levitation, there is also an under-
prediction of damping, especially at the early stages of os-
cillation. It is possible that upon switching off the electric
field, charge redistribution takes place and creates addi-
tional forces that bring about additional damping. For very
viscous liquids with dynamic viscosity greater than 100 Pa
s, the shape relaxation of a levitated drop, lobed by rota-
tion proved to be sufficiently accurate.

The thermal diffusivity measurement techniques have
left considerable room for improvement. The thermal re-
laxation method [6] relies on circumferential heating by a
laser beam while the disk-shaped drop rotates. Upon ces-
sation of heating, the reversal back towards isothermal
conditions is allowed and the temperature distribution is
thermographically recorded. On tracking a selected iso-
therm that propagates towards the center of the drop as it
cools, and carrying this procedure out analytically as well,
the inverse problem of thermal diffusivity is solved. The
system being axisymmetric allows for a fairly simple ana-
Iytical treatment. However, the modelling is perhaps too
simple, and over-predicts the thermal diffusivity values
when compared against known values. While the thermo-
graphic imaging seems quite accurate, the modelling needs
more work, especially since the convective heat loss by
acoustic streaming was approximated as an insulated
boundary with heat loss occurring mainly on the edge.
Also, with the aspect ratio being not very high, the one-
dimensional approximation leaves possibilities for errors.
Attempts with higher aspect ratio and focused spot-heating
[16] together with an improved thermal transport model
has not led to better accuracy of the thermal diffusivity
measurement. The measurement technique relied on the
thermocapillary flow visualization and thermographic im-
aging of the temperature distribution coupled with a lubri-
cation-theory model for the flattened-disk drop. The tech-
nique utilized qualitative comparison between the theory
and the experiment for the flow streamlines and the iso-

therm map. In view of the comparison being qualitative to
solve the inverse problem, the results are prone to substan-
tial error. It is felt that the thermal relaxation method with
improved heat-transfer modelling would provide more ac-
curate results for the thermal diffusivity.
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