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Oscillations of small liquid drops around a spherical shape have been of great interest to scientists
measuring physical properties such as interfacial tension and viscosity, over the last few decades.
A powerful tool for contactless positioning is acoustic levitation, which has been used to simultane-
ously determine the surface tension and viscosity of liquids at ambient pressure. In order to extend
this acoustic levitation measurement method to high pressure systems, the method is first evalu-
ated under ambient pressure. To measure surface tension and viscosity using acoustically levitated
oscillating drops, an image analysis method has to be developed and factors which may affect mea-
surement, such as sound field or oscillation amplitude, have to be analyzed. In this paper, we describe
the simultaneous measurement of surface tension and viscosity using freely decaying shape oscilla-
tions of acoustically levitated droplets of different liquids (silicone oils AK 5 and AK 10, squalane,
1-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol) in air. These liquids vary in
viscosity from 2 to about 30 mPa s. An acoustic levitation system, including an optimized standing
wave acoustic levitator and a high-speed camera, was used for this study. An image analysis was
performed with a self-written Matlab® code. The frequency of oscillation and the damping constant,
required for the determination of surface tension and viscosity, respectively, were calculated from the
evolution of the equatorial and polar radii. The results and observations are compared to data from the
literature in order to analyze the accuracy of surface tension and viscosity determination, as well as
the effect of non-spherical drop shape or amplitude of oscillation on measurement. Published by AIP
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decaying oscillations of acoustically levitated droplets
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I. INTRODUCTION

Thermophysical properties of liquids are of great impor-
tance in many industrial applications. Exact knowledge of
these properties is required to ensure a better understanding
and design of technical processes. A number of sophisticated
measurement methods exist for the determination of surface
tension and viscosity under ambient pressure. These mea-
surement methods are commercially available and used but
not necessarily the most efficient. Measurement is typically
tedious and time-consuming because such methods require
contact of the substance of interest with a solid surface. Due to
this requirement, the liquid is prone to contamination, an event
which must be avoided. The determination of surface tension
and viscosity in systems which include gas under high pressure
or a supercritical component is even more challenging. Thus,
data are rare and not always in agreement. To avoid the afore-
mentioned drawbacks associated with contact to a solid sur-
face, the promising technique of contactless positioning of the
liquid using a levitation method should be considered. There
are several types of levitation methods, including acoustic,
aerodynamic, electrostatic, and magnetic levitation.! Acoustic
levitation is a powerful tool for the containerless investigation
of small solid and liquid material samples. It has been widely
investigated as part of studies in the fields of crystallization,
evaporation kinetics, monitoring of reactions, heat and mass

Hkremer @fvt.rub.de

0034-6748/2018/89(1)/015109/8/$30.00

89, 015109-1

transfer, and Raman spectroscopy, to name just a few.> The
main advantages of acoustic levitation are that the levitated
substance does not need to have specific properties (e.g., fer-
romagnetism or conductivity), with the sole requirement for
a density difference between the sample and the surround-
ing medium, and that, compared to conventional methods for
surface tension and viscosity measurement, only a very small
sample volume is needed (1-10 ul). Due to the lack of interfa-
cial tension and viscosity data for liquids under high pressure,
the main goal is to develop a fast measurement method for
these properties which can be used under high pressure con-
ditions and which uses acoustic levitation. In order to obtain
reliable data under high pressure, the measurement method
needs to be tested and validated under ambient pressure first.

Some theoretical and experimental investigations have
already been carried out under ambient pressure. They focus
on the measurement of surface tension and viscosity of New-
tonian liquids with acoustic levitation. Achatz et al.® patented
the measurement of surface tension and viscosity using oscil-
lations of acoustically levitated drops in air. Drop shape oscil-
lations are excited by amplitude modulation. Several studies
on accuracy of surface tension and viscosity measurements are
found in the literature.*"'# Trinh, Marston, and Robey* mea-
sured the surface tension of some moderately viscous liquids in
air. They report the occurrence of at least two resonance peaks
in the frequency spectrum of an oscillating drop. Their results
on frequency splitting are supported by findings from other
investigations, including those by Bayazitoglu and Mitchell’

Published by AIP Publishing.
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TABLE I. Experimental investigations into surface tension (o) and viscosity (1) measurements using acoustic levitation under ambient pressure.

Literature Excitation Property Detection System
Achatz er al.’ FRF o, Photodetection system Liquid drop in air
Trinh, Marston, and Robey* FRF o Photodetection system Liquid drop in air
Bayazitoglu and Mitchell’ FRF o Photodetection system Liquid drop in air
Hosseinzadeh and Holt® FRF for o and FD for n o, M Photodetection system Liquid drop in air
Trinh, Holt, and Thiessen’ FRF, FD o Photodetection system/camera Liquid drop in air
Trinh, Zwern, and Wang® FREF for ¢ and FD for 1 o, M Photodetection system Liquid drop in liquid
Biswas, Leung, and Trinh!? FRF o Camera Liquid drop in air
Apfel et al.'! FD o, M Camera Liquid drop in air
Trinh and Wang'# FRF, FD o, M Photodetection system Liquid drop in liquid

and, more recently, by Hosseinzadeh and Holt.° Trinh, Holt,
and Thiessen’ point out that the number of peaks in the fre-
quency spectrum depends on the viscosity of the liquid. For
liquids with a viscosity lower than 3 mPa s, three peaks occur,
while for liquids with a viscosity higher than 3 mPa s, only two
peaks exist.” Trinh, Zwern, and Wang® studied small amplitude
oscillations of drops in immiscible liquid systems. They report
a higher measured resonance frequency as distortion of the
drop increased. Bayazitoglu and Suryanarayana® investigated
the effect of static deformation and external forces on the oscil-
lations of levitated droplets in air. They notice frequency split-
ting due to external forces and note an increase in the measured
resonance frequency with greater distortion of the drop.’ How-
ever, other studies have produced contradictory data. Biswas
et al.'” describe a decrease in the resonance frequency with
increasing distortion of the drop. Apfel et al.!' found that
the resonance frequency first increases with increasing aspect
ratio up to an aspect ratio of about 1.35, before it decreases
again. These particular experimental results were later con-
firmed by Shi and Apfel'? using the boundary integral method.
Watanabe'? conducted a numerical analysis of the shift in
the resonance frequency caused by changes in the oscillation
amplitude and rotation of the drop. He found a decrease in fre-
quency with increasing amplitude of oscillation. Trinh, Zwern,
and Wang® as well as Trinh and Wang'# investigated to what
extent the damping rate of small and large amplitude oscil-
lations is affected by the aspect ratio of acoustically levitated
drops in water. They infer a slight trend of increase in the damp-
ing constant as the aspect ratio increased. Hosseinzadeh and
Holt® state that the inferred viscosity is dependent on the equiv-
alent radius of the drop for large amplitude oscillations (with
an amplitude of about 12%) of liquid glycerol-water drops in
air. The equivalent radius of the drop is calculated as the radius
of a spherical drop with the same volume as the distorted drop.

The use of different techniques to excite shapes into oscil-
lation may cause incongruence between predictions as to what
affects measurement. Some authors>~'%!# used a steady-state
frequency response (FRF) technique to determine surface ten-
sion, while others”!"!* used a free decay (FD) method. For
the FRF technique, the modulation frequency is increased step-
wise and the drop’s response is monitored continuously. For
the FD method, the drop is initially excited into oscillations,
then excitation is ceased and the decaying shape oscillations
are recorded. Table I shows a summary of the aforementioned
experimental investigations.

For the FRF technique, surface tension is calculated from
the frequency occurring at the most prominent peak in the fre-
quency spectrum and viscosity is inferred from the width of the
peak. Therefore, the step size during the frequency sweep has
to be sufficiently small to accurately determine the frequency
of oscillation. Furthermore, the frequency of drop shape oscil-
lation depends on the frequency of amplitude modulation as
mentioned by Refs. 3 and 8. The two frequencies only lag
in phase and the phase shift depends on the acoustic levita-
tor used. All authors use differently shaped transducers and
reflectors, which lead to variations in the sound field. For the
FD method, the frequency and damping constant are deter-
mined simultaneously from the free decay. As mentioned by
Langstaff ez al.,'> the drop naturally adapts its eigenfrequency
after the cessation of the amplitude modulation. Differences
can also be caused by the different techniques used for moni-
toring of oscillations. Most authors>14 use a photodetection
system, including a laser and a photodetector, which is focused
on the polar radius of the drop or the drop’s surface area.
Surface tension and viscosity are therefore only calculated
from the oscillation of the polar radius or the variation of
surface area. Despite the technique used for monitoring of
oscillations, no further information is provided regarding dif-
ferences in the frequency and damping constant using the
polar and the equatorial radii. Concluding, we assume that
incongruence between the predictions can be caused by the
different techniques used for excitation and monitoring of
oscillations.

Il. MATERIALS AND METHODS

Various alcohols and oils were used in the experi-
ments. All substances were used without further purification.
Squalane (purity > 99%) was obtained from Sigma Aldrich
and the silicone oils AK 5 and AK 10 from Wacker Chemie
AG. 1-propanol (purity > 99.5%), 1-pentanol (purity = 98%),
1-hexanol (purity > 98%), 1-heptanol (purity > 99%), and 1-
octanol (purity > 99%) were purchased from Carl Roth, while
1-butanol (purity > 99.5%) was obtained from VWR.

A. Experimental procedure

An optimized standing wave acoustic levitation system
(Fig. 1) was used for the experiments. The acoustic levitation
system consists of an acoustic levitator with equipment for
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FIG. 1. Acoustic levitation system.

signal generation, a high-speed camera, a light-emitting diode
(LED) light source, and a computer for data processing.

The acoustic levitator primarily consists of a piezoelec-
tric transducer and a reflector. Both these parts are curved to
enhance the stability of the levitated object. The transducer
is driven by a frequency generator (AFG-2112, GW Instek,
New-Taipeh, China) and emits ultrasonic waves with a fre-
quency of approximately 41 kHz. The levitation voltage is
magnified using an amplifier (33502A, Keysight Technolo-
gies, Santa Clara, USA). The ultrasonic waves are reflected by
the surface of the reflector. The transducer-reflector distance
can be manually adjusted using a micrometer screw to achieve
the required resonance conditions. When resonance occurs,
a liquid drop is injected into a pressure node of the acoustic
standing sound field using a syringe. The acoustic force con-
sists of two forces: the axial force along the axis of levitation
(vertical axis), which works against the weight of the drop, and
the radial force perpendicular to the axis of levitation. Due to
the ratio of these forces (=5:1), the levitated drop is ellipsoidal
in shape, rather than spherical.?

In order to measure the surface tension and viscosity of an
acoustically levitated drop, the drop is excited into oscillations
of its shape by a direct amplitude modulation of the transducer
drive signal. To do so, the drop was first injected into the sound
field. Atthis point, the amplitude modulation was switched off.
After injection, the depth of the amplitude modulation was
adjusted to the desired value. The frequency of the amplitude

Rev. Sci. Instrum. 89, 015109 (2018)

modulation was swept until the shape oscillation showed a run-
ning mode behavior, indicating that the prolate-oblate oscilla-
tion was superposed by a rotation. Next, the frequency was
reduced until the shape oscillation was at its most prominent,
indicating that the axisymmetric fundamental oscillation mode
(1 =2, m = 0) had been reached. The transition between the
running mode behavior and the oscillation in the fundamental
mode was observed by eye. For all liquids used, this transi-
tion was clearly observable, which was ensured by varying the
depth of the amplitude modulation. The amplitude modulation
was stopped instantaneously when the desired frequency was
reached and the drop exhibited damped harmonic oscillations.
To further ensure that the drop exhibited no rotation during
measurement, the decay was checked directly after measure-
ment using the high-speed video in slow motion. If there was a
rotation, the drop again showed a running mode behavior dur-
ing the free decay. If the rotation was identified, the measure-
ment was repeated with a lower modulation frequency. During
the experiments, the drop is LED backlit and the shape oscil-
lations are monitored using a high-speed camera (CR3000x2,
Optronis, Kehl, Germany). The image resolution is 1048 x 696
pixels and the frame rate is 2000 fps. The high-speed camera is
equipped with a macro lens and a tele-converter (EX 2.8/105
DG Macro NAFD OS HSM and TC-2001, Sigma GmbH,
Roédermark, Germany). This produces a spatial resolution of
4.7 x 3.1 mm.

B. Image analysis using Matlab

The high-speed videos were converted into separate
images in order to track the evolution of the drop’s contours
over time. These images were analyzed using a self-written
Matlab code. Figure 2(a) depicts a series of high-speed images
of an oscillating silicone oil AK 5 drop with a volume of 1.2 pd
from left to right and top to bottom. The time between two
consecutive images is 0.0005 s.

The size of the drop can be determined if the length of
one pixel in the high-speed images is known. The pixel length
was therefore established using a high precision ruby sphere
(Goodfellow, Huntingdon, England) with a known diameter of
2 +0.0025 mm. Typically, the length of a recorded high-speed
video is 0.5 s and contains 1000 images. The images were
saved in a bitmap (BMP) format which provides information
about the red-green-blue (RGB) values of every pixel. Each
of these images was analyzed using a process which consists
of a loop of the following operations. All RGB images were
converted into grayscale images. To minimize noise from fluc-
tuations of the light intensity during measurement, a picture

FIG. 2. (a) Original images of the evo-
lution of the shape of an oscillating drop
over time and (b) extracted drop contour.
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of the background was taken before the measurement and sub-
tracted from every image. The drop contour is extracted using
a Canny algorithm which is already available in Matlab. This
produces a black and white picture. The drop contour is shown
by white pixels, and the background is shown by black pixels.
Figure 2(b) depicts the extracted drop contour (white dots),
which is plotted onto the original image. In addition, the equa-
torial (A) and polar (B) radii of the drop are marked. The
volume of the drop is determined in the following manner
for every image. It is assumed that the drop is symmetrical
around the vertical axis. First, the origin of the coordinate sys-
tem which is used in this experiment is shifted to the center
of the drop. The drop was sometimes slightly tilted due to
disturbances in the acoustic field. Consequently, a principal
axes transformation was performed. Next, the drop contour
is divided into two parts: the half to the left and the half to
the right of the vertical axis. For every half of the drop con-
tour, the volume is calculated separately by summing up the
volumes of cylindrical disks with the equatorial radius and
the height of one pixel. The volume of the entire drop is then
calculated by taking the average of the volumes of the two
results measured for every single image in the video. During
one video, the fluctuation in the measured volume is less than
1%. The accuracy of the drop volume calculation was veri-
fied using a further high precision ruby sphere with a diameter
of 1 = 0.0025 mm (Goodfellow, Huntingdon, England) and
was proven to be greater than 0.5%. The starting point of the
damped oscillation is determined using an automated process,
which compares the amplitude of the oscillation at every point
in time with the previous and following point in time. Finally,
the equatorial and the polar radii are monitored over time,
from the start of the damped oscillation until the end of the
high-speed video.

C. Determination of surface tension and viscosity

The surface tension and viscosity of a liquid can be cal-
culated from the damped harmonic oscillation of a drop by
fitting the evolution of the equatorial radius and polar radius
(in mm), r, and r,, respectively, over time 7 (in s) according
to the following equation:

r()=ro+A - exp"™ cos(2nft). (D)

The fitting parameters are the dimensionless amplitude of the
drop shape oscillation A, the damping constant 7 (in s~ 1), the
frequency f (in Hz), and the equilibrium radius of the drop 7, o
or 7p 0 (in mm). In Fig. 3, a typical result for the polar radius
(in mm) over time (in s) of the fitting procedure is shown. For
the equatorial radius, the results are comparable regarding the
coefficient of determination.

The solid line represents the fit according to Eq. (1) and the
dots represent the experimental data points for the polar radius.
The precise evolution of the radius over time is described by
Eq. (1). The coefficient of determination is higher than 0.8 for
the majority of experiments in this paper. It should be noted that
the measured oscillation frequency deviates somewhat from
the frequency of the amplitude modulation of the standing
wave. When the forced amplitude modulation is ceased, the
drop almost instantaneously switches to its eigenfrequency.

Rev. Sci. Instrum. 89, 015109 (2018)

Polar radius
070+ Fitto eq. 1

0.45

0.40 T
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FIG. 3. Evolution of polar radius over time with fit to Eq. (1).

This phenomenon was also observed by Langstaff et al.,'”

who used an aerodynamic levitator furnace in their study.

The surface tension of a drop determines the frequency
of drop shape oscillation, while the viscosity determines how
long it takes for the oscillation to damp out. Rayleigh'® and
Lamb!” derived the following equations for the oscillations
of an inviscid, incompressible drop around a spherical shape.
Liquid surface tension o~ (in Nm~') and dynamic viscosity 7
(in Pa s) are calculated from the liquid density p (in kg m~3),
the mode of oscillation /, the volume of the drop V (in m?),
the radius of the volume equal sphere R (in mm), and the
oscillation frequency f (in Hz) or the damping constant 7
(in s71). The surface tension o (in Nm™!) and the viscos-
ity n (in Pa s) can be derived according to the following
equations:'®-18

_ 3mpVf?
TT-Du+2y @
2
TPR 3)

T=a-neivy
The viscosity of the liquid reduces the measured oscillation
frequency according to the following expression:'®

f = \/fl\%leasurement + (Zﬂ(l/T))_2~ (4)

Prosperetti!® pointed out that Egs. (2) and (3) are only valid
for drops with Ohnesorge numbers smaller than 0.1. The
Ohnesorge number is given by

(M:VQZ. (5)

PO R

lll. RESULTS AND DISCUSSION

After image analysis, the fitting parameters are saved in
an Excel spread sheet. Table II shows some typical results
of image analysis. The experiments were carried out with
silicone oil AK 5 at ambient pressure and a temperature
of 299.15 K.

The drops in this experiment ranged from 0.8 to 2.7 ul in
volume and 0.5 to 0.75 mm in radius. The amplitude of oscil-
lation ranged from 5% to 17% of the drop radius at resting
state. It should be noted that the amplitude of oscillations of
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TABLE II. Results of image analysis using Matlab [A is the dimensionless amplitude of oscillation, T is the
damping constant in s™1, f is the frequency in Hz, r is the radius of the drop in rest in mm, R is the coefficient of
determination of the fit of Eq. (1) to the experimental drop contour, and Oh is the Ohnesorge number of the drop

calculated according to Eq. (5)].

Equatorial radius re

Polar radius rp

No. Ae Te(s) fe(Hz) reg(mm) R%. A, 1, (s fy(Hz) 1p0(mm) R?>, V(u) R(mm) Oh
1 005 7228 14617 0.60 097 009 8453 147.64 051 097 079 057 005
2 007 6297 113.05 073 097 0.16 5464 11243 060 096 136 0.69 0.05
3009 4461 8140 093 093 0.14 4830 8370 072 096 266 0.86 0.04
4 008 6039 11759 071 093 0.13 66.84 12054 057 096 121  0.66 0.05
5 0.0 4422 8591 089 095 0.15 4538 8960 072 099 240 0.83 0.04
6 0.0 3974 9595 083 096 0.17 4468 9732 067 099 197 078 0.04
7 007 6515 11771 072 099 0.14 5632 11616 060 098 130 0.68 0.05
8 007 5291 10610 076 097 0.13 60.61 10536 0.64 094 155 072 0.04
9 007 61.19 11931 071 097 015 5411 11706 058 092 122 0.66 0.05
10 007 6049 13258 0.66 096 0.12 6821 13483 055 099 099 062 005

the polar radius were nearly 1.5-2.5 times higher than those of
the equatorial radius. The reason for this difference could be
the force ratio in the acoustic field. The coefficient of determi-
nation of the fitting procedure according to Eq. (1) was >0.8
for all experiments and the Ohnesorge number was 0.04-0.05.
It can therefore be deduced that the utilization of Egs. (1)—(5)
is justified.

A. Measurement of damping constant and frequency

The values for the frequency of oscillation and the
damping constant fitted to the equatorial radius differed to
those fitted to the polar radius. It was therefore necessary
to choose different, appropriate frequency and damping con-
stants for the respective calculations of surface tension and
viscosity.

1. Damping constant

The measured damping constants and the resulting
dynamic viscosities were compared for all substances. The
following options were chosen for the analysis of the damping
constant:

(1) value taken from the equatorial radius T,

(2) value taken from the polar radius tp,

(3) average value of 1, and T,

(4) higher value of T, and .,

(5) lower value of T, and 7.,

(6) value with the larger coefficient of determination.

The liquid’s viscosity was calculated using the chosen
values for the damping constant and compared to data from
the literature.2%-28 In the case of silicone oils, surface tension
and viscosity were measured using conventional methods. The
surface tension was analyzed using a tensiometer (DCAT11,
Dataphysics, Filderstadt, Germany) and a Wilhelmy plate. The
viscosity was determined using a rotational viscometer (Haake
Rheostress RS75, Thermo Fisher Scientific, Waltham, USA)
equipped with a cylindrical double gap geometry. The absolute
deviation, stated in percentages (%), between the values which
were measured using acoustic levitation and those which were

obtained from the literature or using conventional methods is
calculated according to the following equation:

Xexp — Xlit

D= x 100. (©6)

Xlit
The results are summarized in Table III. All measurements
were performed at ambient pressure and a temperature of
298.15 K in the case of alcohols and 299.15 K in the case
of oils. All listed values are the average values of at least 30
single drops.

The average absolute deviation from the literature ranged
from 2.5% to approximately 15.5%, depending on which anal-
ysis method was used. The highest value for the damping
constant resulted in the smallest deviation. For simplicity, the
highest value damping constant is chosen for the following
investigations to determine the dynamic viscosity of the liquid.
The reproducibility was calculated as the standard deviation of
the mean and was in the range 0.9%-3.2% with the exception
of 6.1% in the case of 1-propanol.

2. Frequency

The procedure described in Sec. III A 1 was also used
for the determination of surface tension. First, the absolute
deviations of the experimental results, which were obtained
using analyses (1)—(6), from the literature values were cal-
culated. These deviation results are also shown in Table III.
The average absolute deviation from the literature ranged from
4.1% to approximately 7.4%, depending on the type of analy-
sis used. These deviations are much smaller than those found
when determining the viscosity. Calculating the resonance fre-
quency from the value measured at the polar radius resulted in
the smallest deviation. It should be noted that surface tension
calculated from the average of the frequencies measured at
the equatorial and the polar radii produced values which were
almost as similar to the literature values as those produced
using the previous method. Nevertheless, in the following dia-
grams (Fig. 4), the value taken from the polar radius of the drop
was chosen as the measured frequency. The reproducibility
was again calculated as the standard deviation of the mean
and was in the range of 0.5%—1.0%, with the exception of
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TABLE III. Absolute deviation [calculated using Eq. (6)] of the inferred surface tension and viscosity from
literature values using analyses (1)—-(6). The boldface values highlight the lowest deviation compared to literature.

Absolute deviation of the

viscosity from literature values (%)

Absolute deviation of the surface

tension from literature values (%)

Substance (D ) 3 @ o (6) ®m» @ 3 @ &  ©®
AK 5 3.37 2.90 3.13 2.84 9.11 0.68 287 142 210 0.22 435 0.07
AK 10 12.28 16.07 14.18 1.25 20.87 10.27 519 486 5.06 2.07 770 345
Squalane 21.15 26.11 24.69 395 4519 11.60 271 0.14 048 20.25 1594 10.22
1-propanol 4.74 7.82 6.28 284 1540 15.15 376 415 393 6.65 1.27  6.65
1-butanol 4.49 1.79 3.14 023 6.51 593 6.13 7.02 6.57 8.28 478  8.28
1-pentanol 5.71 0.53 3.12 295 9.20 7.74 597 471 531 7.99 2.68 754
1-hexanol 0.65 2.63 1.64 1.09 4.37 1.81 8.70 8.60 8.64 10.44 6.85 10.33
1-heptanol 6.30 9.42 7.86 371 12.01 6.25 3.87 279 3.32 4.96 1.71 4091
1-octanol 937 1141 1039 481 1597 8.07 274 284 283 5.27 042 3.83
Average DI 7.56 8.74 8.27 2.63 1540 750 466 4.06 425 7.35 5.09 6.14
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FIG. 4. Frequency shift and shift in the damping constant at varying (a) aspect ratio and (b) amplitude of oscillation.

squalane’s 3.8%. It must be pointed out that the deviations
using analyses (1)—(6) were much higher for squalane than for
any of the other liquids. One reason for this and the higher stan-
dard deviation of the mean could be that the Ohnesorge number
for squalane drops was approximately 0.2, which exceeds the
aforementioned limit of 0.1. Nevertheless, by taking the fre-
quency value from the polar radius and a high value for the
damping constant, even for squalane drops, surface tension
and viscosity were determined with a comparable accuracy as
for the other liquids.

B. Effects on the measurement of damping
constant and frequency

As mentioned in the Introduction, it is important to inves-
tigate the effect of the acoustic field and the amplitude of
oscillation on the measured damping constant and frequency.
In order to quantify the effect of the acoustic field, the drop
aspect ratio was increased stepwise and the frequency and
damping constant were measured alongside this increase. To

adjust the aspect ratio, the voltage which was applied to
the acoustic transducer was increased in increments of 1 V
until atomization of the drop occurred. All other parameters,
such as levitation frequency, the distance between transducer
and reflector, and depth of the amplitude modulation, were
kept constant. The aspect ratio was calculated as the ratio
between the equatorial radius and polar radius of the drop
when the oscillation was damped out by viscosity and when
the drop was in its resting equilibrium shape [see Fig. 2(b)].
The effect of levitation voltage and amplitude of oscillation
on the determination of the damping constant was analyzed
using squalane. As mentioned before, there are some predic-
tions on the shift in the frequency and damping constant due
to the oscillation amplitude, which can be found in the litera-
ture. The level of dependence of the amplitude of oscillation
on the damping constant was analyzed using silicone oil AK
5 drops. In order to adjust the amplitude of oscillation, the
depth of the amplitude modulation was increased, while the
levitation voltage, frequency, and distance between the trans-
ducer and the reflector were kept constant. The shift in the
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damping constant and frequency was calculated as the ratio
between the following two values. The first value was the
measured value for the damping constant or the frequency
which was corrected using Eq. (4). The second value was the
corresponding damping constant or frequency value derived
from literature values for surface tension and viscosity using
Egs. (2) and (3), respectively. The experimental points again
represent the average value of ten different drops. The results
are shown in Fig. 4. The triangles represent the observed fre-
quency shift and the circles represent the shift in the damping
constant.

The effect of aspect ratio on the shift in the frequency
and damping constant is shown in Fig. 4(a). The frequency
shift first increases with increasing aspect ratio, then the fre-
quency decreases with further increasing aspect ratio. This
dependency is also reported by Apfel et al.,'' who observed
this phenomenon in experiments, and Shi and Apfel,'> who
derived it from numerical simulations. For an aspect ratio
between 1.1 and 1.2, the maximum observed frequency shift
is approximately 2%.'"!? In this study, the frequency shift
for an aspect ratio of 1.2 is 3%. It is not possible to reduce
the aspect ratio to less than 1.1 using the acoustic levitation
system. The maximum observed frequency shift in this exper-
iment is approximately 8% at an aspect ratio of 2.1, which
is higher than the frequency shift observed and obtained by
Apfel et al.'' and Shi and Apfel.!? The reason for this may
be the fact that changing the aspect ratio is not possible with-
out changing the amplitude of oscillation at the same time.
The deviation of the measured damping constant from the
theoretical value calculated using Eq. (3) increases as the
aspect ratio is increased. This observation is in line with the
results from Trinh and Wang’s study.'* For aspect ratios of
less than 1.5, the shift in the damping constant is approxi-
mately 5%—6%. This results in the same magnitude of change
in viscosity due to the one-to-one relationship between the
damping constant and the inferred dynamic viscosity. For an
aspect ratio as large as 4.6, the shift in the damping constant is
nearly 40%.

Figure 4(b) depicts the dependency of the shift in the fre-
quency and damping constant on the oscillation amplitude.
For oscillation amplitudes of less than 2%, the pixel-based
image analysis fails because the change in radius is smaller
than, or very close to, the detection limit. Therefore, the shift
in the frequency and damping constant reaches up to 50%.
It was possible to observe a decrease in the frequency shift
with increasing amplitude of oscillation. The same trend was
predicted by Watanabe'? in a numerical simulation. For oscil-
lation amplitudes higher than 17% of the drop radius at rest,
the observed shift in frequency is approximately 3%—7%. For
amplitudes between 5% and 15%, the shift in the frequency
is only approximately 2%—3%, resulting in a maximum error
of 6% in surface tension measurement. The amount by which
frequency is shifted in this investigation is again higher than
that derived by Watanabe.'?

For amplitudes between 5% and 13%, the values for the
shift in the damping constant are scattered and no significant
trend is observed. For oscillation amplitudes higher than 13%
of the drop radius at rest, a slight decreasing tendency can be
observed. This investigation did not reveal a dependence of the
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inferred viscosity on the drop equivalent radius as reported by
Hosseinzadeh and Holt,® even though oscillations with ampli-
tudes of about 5%—15% were analyzed. Hosseinzadeh and
Holt® report an increase in inferred viscosity for equivalent
drop radii larger than 1.15 mm. The equivalent drop radii for
all drops in this investigation are smaller than 1 mm.

In conclusion of the results presented above, it can be
inferred that the levitation voltage should be adjusted to as low
a level as possible to avoid shifts in the damping constant and
frequency due to the aspect ratio. Furthermore, the amplitude
of oscillation should be kept between 5% and 15% to avoid
errors due to noise in the image analysis and large amplitude
effects.

C. Limitations of the proposed measurement method

In order to simultaneously measure surface tension and
viscosity from the freely decaying oscillations, it was impor-
tant to ensure that the drop acts as a damped harmonic oscil-
lator. Depending on the drop radius and the liquid properties,
two relaxation regimes are possible in the case of the freely
decaying small amplitude oscillations of a spherical liquid
drop. The shape relaxation is either an aperiodic or a damped
oscillation. The drop recovers its equilibrium shape exponen-
tially or exhibits damped oscillations described by a damping
constant.?

Given the stability of the levitated drop and the pixel-based
image analysis, it is best to use drops with volumes of between
0.5 and 5 ul in the acoustic levitation system. This results in
drop equivalent radii of 0.5-1.1 mm. Assuming a liquid with
a density of 900 kg/m> and a surface tension of 25 mN/m, the
limit in viscosity measurement of the proposed method can be

calculated according to the following equation:?’

Nerit = VRU'P~ @)

This produces critical viscosity values of 106 mPa s for 0.5 ul
and 335 mPa s for 5 ul drops. For liquids with a viscosity lower
than the critical value, the relaxation will be a damped oscilla-
tion according to Eq. (3). For viscosities higher than the critical
value, the relaxation will be aperiodic. Even though there are
some approaches’*! for non-Newtonian liquids, the proposed
method is limited to Newtonian fluids because the shear rate in
the drop is not known and not constant. Based on own exper-
imental investigations, the shear rate can be estimated to be
very high (about 10 000-15 000 s~1).

IV. CONCLUSIONS

In this paper, we describe the measurement of surface
tension and viscosity of liquids using an acoustic levitation
system. Surface tension and viscosity of various alcohols and
oils with viscosities between 2 and 30 mPa s were simultane-
ously measured by analyzing freely decaying oscillations. The
acoustically levitated drop was initially excited into axisym-
metric, oblate-prolate shape oscillations through amplitude
modulation. When the amplitude modulation was ceased, the
drop exhibited damped oscillations. The frequency of oscilla-
tion is affected by surface tension and the time until oscillations
are damped out by the viscosity of the liquid. The damping



015109-8 Kremer, Kilzer, and Petermann

constant and frequency were measured at the equatorial and
polar radii of the drop. The values differed somewhat from
one another. Consequently, different options for determining
the damping constant and frequency were discussed, taking
into account the accuracy of the measurement.

Accurate measurements of viscosity with a maximum
absolute error of 5% are possible when the higher value of the
damping constant is used. The maximum error in surface ten-
sion determination is higher (9%). The frequency of oscillation
was measured using the polar radius of the drop. Predictions
of shifts in the frequency and damping constant and how these
affect inferred surface tension and viscosity were found in
the literature. In this literature, the effect of aspect ratio and
amplitude of oscillation on measurement were investigated.
The experimental results indicate that both the aspect ratio
and amplitude of oscillation affect the inferred viscosity and
surface tension. With increasing aspect ratio, the measured
frequency first increases and then decreases. The maximum
observed shift is 8% for an aspect ratio of 2.1, which results
in a shift in inferred surface tension of 17.6%. The shift in
the damping constant increases with increasing aspect ratio.
The shift is smaller than 6% for aspect ratios below 1.5 and
results in the same magnitude of change in viscosity. The
values for the shift in the damping constant due to the ampli-
tude of oscillation were scattered but a slight decreasing trend
with increasing amplitude of oscillation can be found. The
aspect ratio should therefore be kept as low as possible and the
amplitude of oscillation should be in the range of 5%—15%.

For the proposed measurement method, no tedious cali-
bration of the experimental system is required. Only a refer-
ence image of a ruby sphere has to be taken to determine the
pixel length in a high-speed image. Therefore, the measure-
ment is faster than conventional methods for the determination
of surface tension and viscosity. Using conventional methods
such as a tensiometer or a rotational viscometer, normally mea-
surement is carried out in triplets and the apparatus has to be
cleaned afterwards. This takes about 15 min for surface ten-
sion measurement and the same amount of time for viscosity
measurement. To measure surface tension and viscosity with
acoustic levitation of three different drops, 6 min of measure-
ment time followed by 9 min of image analysis are needed.
Therefore we assume that the measurement time is reduced
by half. Further research is planned on the measurement of
interfacial tension and viscosity under high pressure using the
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described measurement method. Interfacial tension and vis-
cosity of liquids in contact with carbon dioxide under high
pressure will then be measured under a range of conditions,
from the gaseous to the supercritical state of carbon dioxide.
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