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Abstract

An acoustic levitator was used to observe deformation and oscillation of fluid droplets. A high-speed camera was
employed to record and measure parameters of the droplet deformation behavior. Key levitation parameters were set
based on calculation of the expected oscillation frequency response to input excitation frequency. Following each
experiment, image analysis codes were used to process the video record and archive the behavior of droplets based on
differences in size, temperature, and initial shape.

Droplets are more stable when they have greater mass, which often results in a transition between spherical shape and
oblate shape. The greater mass that droplet has, the lower the natural frequency expected. We observed mixed modes
of oscillation during dampening process of droplets. This thesis involves an analysis on how errors in surface tension

measurement arise due to observation of mixed modes of oscillation.
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1 Introduction

With progress in space technology, the microgravity experimental environment has become an excellent platform
in which to conduct work. Insights gained without interference by gravity lead to better earthbound experiments.
Levitation processing is one such experimental tool. The first demonstration of the possibility of acoustic levitation
was made in experiments in 1866. It is a method for suspending matter in air against gravity using acoustic radiation
pressure from high intensity sound waves. The interaction between acoustic excitation and fluid structures addresses
an increasingly important branch of fluid mechanics — the absorption of noise and vibration by fluid flow.

When a water droplet is inserted in an acoustic levitator, it can be excited by the imposed frequency. It can show
deformation behavior in many different directions based on the induced oscillation mode selected. When the water
droplet is excited at its natural frequency, it will achieve maximum deformation. After turning off excitations, the
droplet oscillation motion will dampen out. Not only will different droplets behave differently, but a single droplet
also which is excited multiple times may vary in frequency and mode response. If the levitation frequency is not set
to the natural frequency, the droplet will often experience mixed-mode behavior. When an experimenter adjusts the
frequency around the desired frequency, we can observe various types of droplet motion as it can translate, vibrate,
oscillate, or rotate. It is very difficult to control the droplet as any little change in experimental factors — such as
temperature, humidity, air flow, or noise — will have a huge effect on the droplet motion. Currently we do not have
any predictable method in selecting a specific droplet motion because of the complexity in real life interaction
between droplet and applied acoustic field.

The oscillation of droplets has been studied for many years. In this work, we chose water as the droplet material
because of its accessibility. Itis readily available, safe to handle, chemically stable at room temperature and pressure,
and has reproducible physical properties on a test-to-test basis. The effect of environment temperature and room
humidity were seen to be significant. We narrowed the range of the levitation mass, frequency and temperature to
achieve higher success in levitating droplets. Many studies also indicated that the viscosity has a huge effect on
levitation performance and deformation performance, but this was not a part of this study. During our testing of size
of the droplet, either too small or too large a size will affect the deformation performance and success rate for

levitation of a given droplet.



2 Background

2.1 Acoustic Levitation

Acoustic Levitation is one of many methods to levitate and conduct containerless processing experiments on a liquid
droplet. The induced acoustic pressure acts to counteract gravity and the droplet “floats” midair. The acoustic
radiation pressure force is not equally applied on all surfaces of the droplet, and as a result the droplet shape can
deviate from spherical shape. The greater the droplet mass is, the more obvious that the droplet will form an oblate
shape during acoustic levitation. Studying effects of acoustic radiation pressure on compressed spherical liquid
droplet, the radial projection of the acoustic radiation force on the surface of the droplet can be expressed a spherical
harmonic wave. The quantitative determination of the shape of liquid drops levitated in an ultrasonic standing wave
has provided experimental data on the radiation pressure-induced deformations of freely suspended liquids. Within
the limits of small deviations from the spherical shape and small drop diameter relative to the acoustic wavelength,
an existing approximate theory yields a good agreement with experimental observation on spherical particles placed
between the nodes within the field. The flow inside or outside of the droplet may or may not be affected by the inner
vorticity, and the interaction inside of the fluid droplet and fluid flow in the surface of the fluid create a complex
flow component. In the present development, the perturbation method is employed to derive the flow field for the
situation when a spherical particle is positioned at the velocity node. Research also use ultrasonic standing wave to
simultaneously trap and deform thousands of fluids in a liquid solution [1] . In our device, acoustic radiation stresses
were generated in between plates such that an oscilloscope can observe and record acoustic wavelength response.
Control is based on the geometry and mechanical properties of the excitation membrane. The main difference from
the solid sphere case is the inclusion of the shear stress and velocity continuity conditions at the conjunction of
surface and interface. Studies shows that the internal flow field was found to be quite weak [1]. Also, this order
being fully time dependent has a zero-mean flow. There is a recirculating layer consisting of closed streamlines near

the surface.
2.2 Droplet Oscillation
Over the years, many theories have been developed to describe the oscillation of fluid droplets. Both linear and

nonlinear methods have been proposed to meet the demands of oscillations model investigation. [2] The surface

tension and viscosity of a liquid droplet can be determined using non-contact droplet oscillation and there is much



research that discusses the properties under different environmental conditions to allows measurement of both
surface tension and viscosity from the same experiment. Additionally, these methods have many applications related
to mass transfer, especially in cases where the droplet can be excited and broken into fragments by an induced
parametric resonance with an AC field. Natural frequency of a levitated sample using Rayleigh’s equation [3] with
a correction term for surface charge, Qs, mode number ¢, surface tension g, density p, unperturbed radius R, and

permittivity €o:

o =l =D +2) (1 =) 1)

T 6an? 193 0 €g
These oscillations are governed by different factors of the droplet like such as viscosity, elasticity, vorticity and
surface tension. The choice of scales will have effects due to the additional gravitational effect being present in
experiments. Many studies show the importance of viscosity in droplet oscillations that is to either increase or

decrease the natural frequency [3].

2.3 Oscillation of Viscous Droplets

The deformation of a viscous droplet that is suspended in a medium — in most cases is a gas. Additional studies have
been conducted in other medium such as water, oil, or soft materials. Some theoretical analyses were carried out on
deformation of a droplet to be suspended in a steady extensional flow field. The study of effects of the elasticity,
viscosity, and surface tension of the fluids concerns the combined influence of droplet deformation, oscillation and
damping. The evolution of geometrical shape with time for a deformed droplet is determined by solving the
equations of motion for fluid samples. A perturbation technique was introduced, and an iteration method was then
be used, to determine the shape of the sample droplet that measuring internal and external deformation. Many
research approaches focus on finding solutions of stream function both inside and outside the droplet. Some
functions were developed for pressure distribution of the liquid droplet, and for deformation of the droplet. Chin [4]
conducted experiments that were aimed at use of a transparent flow channel consisting of a conical section and a
straight tube. Droplet volume is measure in advance and then after insertion in the conical section at the centerline
of the flow channel. Chin observed that the droplet shape was initially spherical, but then deformed in the upper
section and greatly elongated at the entrance section of the tube. Different droplets that have different viscosity have
a difference in degree of deformation. The deformability was analyzed based on the flow conditions and mechanical

properties of the droplet.



There are many formalisms for study of the oscillation of inviscid droplets at different amplitudes. One technique
is to investigate and understand how oscillation relates to amplitudes and modes. Tsamopoulos and Brown [5]
compared their results with numerically analysis datapoints and found agreement for droplets of aspect ratios (length
to width) of up to 1.8. Their results showed that the shape of the droplet shifts between oblate shape and prolate
shape. They indicate that in the case of linear oscillation theory, the prolate droplet’s curvature becomes slightly re-
entrant. They also found that the surface areas of droplet decreased, which is an effect of the reduction of rapid
return into a neutral shape through linear behavior.

Becker et al. [6] developed the functional relationship between the decay rate for oscillation by a damped harmonic

oscillation,

A(t) = Agge™e @

They also developed the relationship for deformation and droplet oscillation as function of damping time

1
a,(t) = A;sin {Nfz [(1 - (fit)™)z + azAzz] t+ <Pz} + BAS° 3)
Bi1 models the asymmetry between the oblate and prolate deformation amplitudes and ¢ : is the oscillation’s phase
angle. We also have the relation of surface tension and viscosity of a spherical droplet in oscillation mode 2. [ refers

to the scale length of the scenario.
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The large deformation of droplets in different modes show distinguishing characteristics. Since surface tension is a
function of temperature, amplitude and frequency are influenced by environmental conditions. As excitation

frequency approaches the natural frequency, the deformatiom of a droplet should reach its maximum extent.



3 Methodology and Experimental Apparatus

3.1 Experiment Setup
The acoustic levitation facility used for this work was developed by Associate Professor R. Glynn Holt at Boston

University who assisted in setup, checkout, and troubleshooting.

Figure 1. Acoustic Levitator Set up

As we can see from Figure 1, the setup of experiments includes an acoustic levitator, a high-speed camera, two

oscilloscopes, an amplifier, and a light source to create backlit effect.
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Figure 2. Diagram of acoustic levitator set up from Courtland Priest



Figure 2 shows the function diagram of the entire experimental system. After turning on the power and oscilloscope,
the droplet was inserted between a transducer horn and a reflector. Two function generators generated a modulated
sinusoidal signal to a copper plate between two piezoelectric crystals which convert it to oscillation excitation.
When the levitation frequency reached the range between 29.15 kHz to 29.27 kHz (We need to modify and adjust
it every time), the gap between the horn and metal reflector is equal to one wavelength, which produced a set of

planar pressure waves between the transducer and reflector. In most cases, there were two nodes sets between the

gaps. We chose the lower nodes for our testing as it can afford a bigger mass and provide more stable positioning

than the upper nodes.

Secondary |__ @
stable node

Node used in
testin, — .
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Figure 3. Diagram of two nodes set in gap of acoustic levitation field from Courtlan Priest
In Figure 3, we can see schematic of two droplets levitating. We selected the second node to evaluate our droplet
oscillation and deformation at different excitation frequencies approaching their natural frequency. To observe the
droplet deformation and damped oscillation, we utilized a high-speed digital camera to record the motion. The entire
levitator was placed inside a plastic wind-screen protector to prevent external disturbances such as air flow or noise
to affect droplet levitation. To have a better view of the droplet deformation and promote repeatable edge detection,
we projected an image of the sample onto a white paper screen attach to the back surface of the acoustic levitator.
Backlighting helped us observe droplet motion in high-speed camera video as the direct observation of a transparent
water droplet is extremely difficult and introduces significant error in automated edge detection software analyses.
We chose a high-power light to have a better illumination of light source, which facilitates naked eye observation

during insertion and post-test computer numerical analysis.



3.2 Data Acquisition

The high-speed camera is a Photon Fastcam Mini AX200 high-speed camera with an Infinity K2 long-range
microscope lens. We chose to take videos in different frames per second to meet different test condition demands.
We optimised to record the videos in 10000 frames per second with a resolution of 384x384 pixels as it offers
sufficient time to record deformation behavior during oscilllation excitation and subsequent decay on turning off
the induced oscillation signal. We also had a thermometer to track transient temperature of the surrounding air
within the acoustic levitator with a accuracy of +1°C. The thermometer was place close to acoustic levitator to
monitor the temperature as it shifts in real time. We did not put it directly into the pressure field to avoid influencing
the acoustic levitation field.

We used a syrange to adjust the size of the droplet and put it into the acoustic pressure field. As we can see from
Figure 4 (a), we added new water droplet every time we conducted an experiment. In Figure 4(b), it showsed what
is the showing in the high speed camera when we add the droplets in acoustic field. The size of droplet is very
difficult to control in a precise way. As a result, we always had different size of droplet. Small droplets were hard

to position in a stable manner due to air flow and vaporization.

@ (b)

Figure 4. Insertion of a water droplet (a) in the setup and (b) as looked through the high-speed camera

3.3 Calibration

In the beginning of each experiment day, our high speed camera was optically calibrated. We need to do calbration
to ensure the camera is in the correct focus and to take into account any effect due to repositioning of the camera.

Before the actual test, a random droplet was levitated to mark the levitation position and adjust camera focus to



correct location of the testing nodes. Then we inserted a platinum wire of known diameter that equals to is 0.051 in
(1.295 mm), , horizontally into the gap defined by the marked levitation position. We adjusted it carefully to make
sure the platunum wire placement overlaps with the equilibrium positon of the droplet.

As we can see from Figure 8, it is the calibration tools that we use before each experiments. We utilised the
calibration option on the computer to record a video of the platinum wire and directly measure the distance between

the two edge points in the screen.

Figure 5. Calibration using measure distance between two points
Figure 5 shows the software screen that we conducted calibration. We entered the two parallel points for a diameter
of 1.295 mm and calculate the reference number of pixels per mm for a specific run and then we can either use a

grid method or apply direct measurement to define the height and width of the water droplet.

Figure 6. Direct measurement of height and width with reference
At the beginning of each experiement, we conducted calibration processes to . If there is a position shift of either
the location of the high speed camera, or the acoustic levitator base, we need to redo the calibration to make sure
the dimensional reference is properly updated. The average scale we measured is 0.018 mm per pixel. Figure 6

shows measurment of a levitated droplet of 1.134 mm height (labeled as 1) and 1.566 mm width (labelled as 2).



3.4 Experiment Design

We used water as the droplet material in all experiments because of its accessiblity. Before we conducted an
experiment, we calculated the expected natural frequency for mode 2, based on the observed temperature, and
literature values of density and surface tension. We first had reference the relation between temperature and density
[7]. We inputed the data points of density vs temperature in the range from 292K to 304K, which is the normal room

temperature of the lab containing the acoustic levitator.
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Figure 7. Density of water in the temperature range 292K - 304K
As we can see in Figure 7, density of water decrease when temperature increase. Then we define the relation between
surface tension and temperature [8]. We input the range of the surface tension of between 292K to 302K to match

the results presented above for density vs temperature.
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Figure 8. Surface Tension vs temperature for a predicted sample mass of 1.228 mg



As we can see from Figure 8, the water surface tension decreased as tempearture increased. After we have defined
the reference for density and surface tension, our goal is to find the relation between mass and excitation frequency.
Fundamental-mode resonant oscillatory frequency was developed by Lord Rayleigh in 1879 , he derived a
formulation for their behavior in terms of their size and surface tension. Rayleigh’s formula [3] for oscillatory mode

[=2 is . For our experiment, we have surface tension g, density p, mass M natural frequency f:

o=t ©)

f= 80 )

3nM
The theoritical expression between mass and frequency is same as Rayleigh’s expression. We inputed the

temperature between 295K to 297K to have the plot of mass vs frequency.
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Figure 9. Precited natural frequency of water for various droplet mass at 296 K

As we can see from Figure 9, natural frequency of water decrease when the mass increase under three different
temperatures. We can directly estimated the freuquency after we measuring the height and width of the droplet using
the equation relating the volume and mass, based on height, width, density. Once we have the calculated mass, we
inputed the mass and can predict a target estimate of the expected natural frquency. Each time after calibration, as
shows in Figure 16, we will input droplet and quickly measure its height and width. We then calculateed the expected
mass and frequency.

When the oscilliscope was turned on to initiate acoustic levitation, an input signal was adjusted until the droplet
position stabilizes. In some cases, the droplet would be unstable due to a variety of reasons [9]. We will adjust the

levitation frequency, voltage, amplitude depth, amplitude frequency to adjust the motion of water droplet. If the

10



droplet was not stabilized (or if it explodes), testing was halted to clean up the chamber and another droplet was

inserted. As we measured the heigth H and width W, we calculated expected volume of the droplet.

V=2 ()G ©

3.5 Deformation
As the deformation changes with time in high speed camera video record, we use the parmeter delta 5 to measure
how the droplet oscillates between oblate to prolate shape during the deformation process and is based on changes

to the width of the sample [10].

Rio Ry _ 1
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Figure 10. Delta in deforamtion of volume in function of time

V = gﬂR03 = gﬂ‘-RW,OzRH,O (9)
fw_1+6 (10)
Ro

The delta parameter which is defined in equation 10 increases as the droplet shape becomes prolate — which means
the temporary width will increase and temporary height will decrease. Then it will decrease when the droplet shape

becomes oblate — which means the temporary width will decrease and temporary height will increase.
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3.6 Study of frequency measurement

We used a customised MATLAB program to process the recorded images from the video data. We used a video
extraction code to transform the high speed camera videos into individual frames to reduce the data saving time.
Then we inputed each frame to analyze droplet relative deformation and observe oscilliation and damping processes.
As we can see from Figure 11, we will recollect specification every time we insert a new droplet. We will list the
parameter of droplet in temperature, levitation frequency, high speed camera frames per second, resolution, density,
height, width, volue, mass, surface tension, calculated natural frequency and actual excitation frequency as the
parameter characterizing the condition of each sample during levitation in our excel data shhet. Figure 20 shows

two recorded frames of droplet changing shape.

Figure 11 . Initial drople shape and compressed under excitation frequency
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Figure 12. Droplet deformation expressed as function of delta vs time

In Figure 12, we can clearly observe the delta shift, which is indicated by an apparent change in volume with time.

After we turn off the excitation in at time = 0.17s, the droplet motion begins to dampen out. This sample droplet

showed an anomolous damping behavior because the excitation frequency was not set to the natural frequency. In

12



the Figure, the characteristic radius was defined from [11] , which correlates the ratio of observed apparent volume

(based on w and h assuming elipsoidal shape) to the ideal volume (based on an equivalent sphere of radius Ro).
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4 Results and Discussions

4.1 Results

Empirical experience shows that medium-sized and larger droplets levitate best; this means the height is greater
than 1mm and width is greater than 1.5 mm. There are many reasons, including humidity, that can affect the rate
of success for levitation of a droplet. Experiments were conducted to optimize the use camera resolution while
considering image size, storage and data acquisition rate. The videos were recorded in 384x384 resolution. Table I

shows three representative sample exhibiting good deformation, oscillation and damping behavior

Table I. Summary of Droplet Sample Specifications

Overview Sample 1 Sample 2 Sample 3
Ambient temperature (K) 295.9 296.9 297
Levitation Frequency (kHz) 29.25 29.2 29.2
High Speed Camera FPS (Hz) 20000 10000 10000
Water Density (kg/m”3) 997.00076 996.73716 996.7108
mm/pixel 0.018 0.018 0.018
Initial Height (mm) 1.13269 15 13
Initial Width (mm) 1.67216 1.8 2.42
Mass (kg) 1.65E-06 2.53639E-06 3.66758E-06
Surface Tension (N/m) 0.07238 0.072380983 0.072365416
Expected Natural Frequency (Hz) 174 155 129
Observed Excitation Frequency (Hz) 172 90 72

Figure 13 (a) shows both the initial forced frequency and the observed damped behavior. When we run the
MATLAB codes, we first have raw data that contains noise which needed to be removed. To accomplish this, we

added a bypass filter that limits the frequency range to reduce the influence of noise.

14
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Figure 13. (a) Raw and (b) filtered signal of a droplet
We generated a raw data plot to present the unfiltered signals of droplet motion. As the applied excitation frequency

was at 95 Hz, we applied a filter from 50Hz to 150Hz. The raw signal from Figure 13 (a) is shown in Figure 13 (b)

after applying the filter.
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Figure 14. Droplet damping out process
Once filtered, the excitation and damping behavior seen in Figures 14 becomes clear. Motion damping occurred as
expected because the water droplet was fully excited at its natural frequency [12]. In Figure 14, we highlighted the

maximum (red points) and minimum (blue points) sample amplitude.
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Qualitatively, we can also use the video record to ascertain if it is possible to define the oscillation mode. If the

droplet had been excited at the predicted 155 Hz, we would expect mode (2,0) motion (direct oblate to prolate and

back) but since we excited the droplet at 95 Hz we encounter mixed mode results.

Frame 30 Frame 47 Frame 66 Frame 82 Frame 129
Frame 154 Frame 164 Frame 212 Frame 1978 Frame 1997

Figure 15. Frames Extraction for chosen time
From Figure 15, not only does the sample shape deviate from an ellipsoidal shape (clearly shown in frames 30, 129
and 212) but mixed mode diamonds (frame 154, 1997) and squares (frame 1978) are visible. Some mode 2
deformation is observed (frame 47, 66, 82), but the others appear to show mixed mode deformation. Quantitatively,
the oscillation frequency shifted slightly upon exiting the excitation phase. The dampened frequency is 107 Hz

based on the FFT shown in Figure 16 and thus it is hard to determine what modes dominate.
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Figure 16. FFT
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We also plotted the droplets apparent volume and delta vs time in Figure 17. Based on the figure of volume vs delta,

we can observe how deformation influences the apparent volume (and thus the deviation from pure/ideal ellipsoidal

W

deformation)
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Figure 17. Volume and deformation vs time
We extract some points during oscillation excitation (time less than 0.3 seconds) to observe the volume change and
deformation of the droplet. Figure 18 shows where frames are extracted to be displayed in Figure 19. In particular,
emphasis is placed on observing forced deformations with positive & (prolate shape approaching an elongated
ellipsoid) and negative & (oblate shape approaching a flat pancake). These types of analyses are continued in Figures
20 and 21 on the same droplet but during motion damping. Clearly there is still some mixed-mode motion, but this
behavior is far less prevalent during damping; apparent volume approaches a constant value around 0.35 seconds

indicating that motion is characterized by pure oblate-to-prolate ellipsoidal deformation.
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Figure 18. Extract points from figure
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Figure 19. Coresponding droplet shape to each frames
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Figure 20. Extract points from damp out process
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Frame 2924 Frame 2979 Frame 3212
Frame 3259 Frame 3671 Frame 3709

Figure 21. Corresponding droplet shape in damping out process

4.2 Data Qualification

There are many contributing factors that result in measurement error for this project. Since acoustic levitation
processing focuses on the individual performance under set conditions of initial geometry and excitation, mode
selection is difficult. Uncontrolled variables such as temperature and humidity, combine with systematic errors in
measurement of applied levitation frequency, high speed camera frame rate, and changes to droplet volume (due to
evaporation) will have an adverse effect on results [13]. When we tried to measure deformation and oscillation,
those factors will also be affected by assumptions on thermophysical properties of the fluid used. During our
experiments when measuring deformation, confounding variables include density, surface tension, and mass, that
will influence data reduction results on droplet deformation behavior. Assumptions on surface tension play a key
role in behavior prediction as it directly relates the applied and natural frequency calculation. Any shifting in surface

tension brings uncertainty of calculating natural frequency because of the Rayleigh-Lamb equation.



As we expect to observe mode 2 oscillation from oblate to prolate, we initially assume that the starting shape of the
droplet is spherical [14]. However, the uncertainty when we inject the droplet into the acoustic levitator (syringe
control is difficult) means we cannot ensure the size of droplet is as expected nor that the initial shape is perfectly
spherical. For larger droplets, the deviation was greater due to gravitational deformation — consistently resulting in
an oblate form. We are trying to make the spherical shape every time we put one droplet in, however, we found that
attaining a spherical shape for the water droplet can only occur when the droplet size is small. This introduces
additional difficulties. First, the small mass droplet can hardly observe the deformation and oscillation even in high-
speed camera. Second, during our excitation process, the small mass droplet will have a higher evaporation rate,
which mean it will visibly shrink as we perform multiply measurements. Third, the small mass droplet would have
a larger relative error since fewer pixels define the shape. As a result, the initial shape of our droplet tended to be

compressed and oblate-ellipsoidal, not a perfectly spherical shape.
4.3 Data Comparison

Even though our droplet samples tended to show compressed features that are close to an oblate shape, the projected
area was not a perfectly elliptical shape; this characteristic is in agreement with previous observations by Priest [15].
This causes significant error when we calculate apparent volume. To define the boundaries for our droplet radius,
we defined 3 different radii — these are the initial height Ry, initial width Ry, and characteristic radius R,. During
our experiments, radius of height is always the lower boundary for droplet shape since our experiments are always
initially oblate. Meanwhile, radius of width is always the higher boundary with the characteristic radius between
these extremes. We use equation (8) to calculate droplet volume and then, based on an assumed density at the test
temperature, calculate droplet mass. We use equation (9) to calculate Reqyivalent, Which should have the value in
between Ry and Ry, .

4.4 Apparent Volume as Function of 6

As we can observe corresponding points in Figure 19: when the deformation became positive, the apparent volume
of droplet deviates in a negative way. In contrast, when deformation become negative, the apparent volume of the
droplet deviates positively. Based on Equation (9), we can see than R,, is squared when we calculate volume. That
means errors in R,, are squared, but errors in Ry are not. When the droplet shape becomes oblate, we see positive
deformation and negative volume deviation and thus the influence of R,, must dominate. With higher mode

excitation this should reduce the width (compare the width of a rectangle to the width of an eclipse of the same area)
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and thus this relationship between volume and deformation is expected and experimental observations match

expectations.
4.5 Mixed Mode Observation

The oscillation results from the time varying acoustic pressure force concentrated on the three-phase contact line.
Current studies shows that the drop oscillations are observed systematically, and different models are developed to
predict oscillation deformation. When the droplet achieves the greatest amplitude in oscillation, resonance occurs
at certain excitation frequencies, and we use these as a target frequency to predict the actual natural frequency.

Figure 22 shows the difference among different modes.

(a) n=2 (b) n=3 (c)yn=4 d)yn=5
Figure 22. Droplet shape mode r =R [1 + 0.3 n (cos 0)] [16]
In our research, we tried to find and record the basic mode 2, which corresponds to an ellipsoidal shape that shifts

from oblate to prolate. However, although our work did include observation of mode 2, we often observe a mixed

mode behavior that is not strictly mode 2 or mode 3. It is a combination of higher order modes.

Figure 23. Mixed modes

Figure 24 clearly shows an example of mixed modes. We observed the combined shape modes and characteristics
of a droplet excited at various resonant vibrational modes at multiple frequencies. The FFT in Figure 24 indicates

several possible frequencies that correspond to each of the multiple modes.
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Figure 24. Five distinctive peaks observed from the FFT

Based on our data processing, we can observe modes 3 and 4 during our analysis. We have observed characteristics

of a resonance shape transformation of a droplet vibrating predominantly either horizontally or vertically within the

acoustic field. In some unsuccessful levitation attempts, we experienced that the oscillation only occurs in the

horizontal axis, but not in vertical axis. We also notice the different droplet sizes share the same problems that that
the oscillation in horizontal axis is much greater than vertically axis.

Droplets that start flat stay flat under the influence of gravity. As we apply the acoustic field to counteract gravity,
it puts forces in vertical axis to help settle the droplet, which means, in some degree, it prevents droplet perturbation
vertically [17]. As a result, we need to input a higher voltage, or a higher amplitude frequency, to excite vertical
motion. That means we need to select droplet that will have more stability under high acoustic pressure conditions.
This requires the addition of more mass to keep the droplet from spontaneously decomposing (exploding). As we
are scanning the frequency from low to high, we do not know in advance what mode the corresponding frequency
represents. In some cases, the mode differences are indistinguishable. Overall motion is chaotic and often
accompanied by violent decomposition. In order to observe more oscillations, we tend to accomplish all testing in
around 10 seconds and each distinct excitation setting lasts on the order of just around 1 second. Rapid turnover
means that decisions must be made quickly and observations on mode may not be completed in a timely fashion
real-time. Post-test analysis often shows where testing occurred. That means that the frequency in each section

might be mixed as the impulse of the first section still exist, but we already add the second impulse in order to

observe more oscillations.
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During our observation of droplet oscillation and deformation, we often observe the droplet that will not be able to
show clear significance of certain mode. Instead, it appears to show a mixed modes that combined different modes
together. Pliimacher’s research [18] indicates that surface tension, viscous effect has nonnegligible effect on
vorticity generation at the interface and inside of the droplet, which change the oscillation shape of the droplet.

Figure 25 and 26 [18] show the modes that we can observe in our experiment. General modes of oscillation are
readily classified by shape. The mixed modes of oscillation, which is in the transition from one mode to another,

tends to show characteristics from all of the multiple modes that are involved.

(a) (b)

() (2) (h)

Figure 25. Oscillation shape in order of mode 3 [18]

(c) (d)

(e) ity

Figure 26. Oscillation shape in order of mode 4 [18]
Figure 25 represents the oscillation shape shifting in mode 3 and Figure 26 shows different oscillation shapes in

mode 4 [18]. In each, (a) is where t = 0, and it is the characteristic character of the dominant mode. From (b) to (h),
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equal increments of time have elapsed where each is 1/7 the portion of total time required for a full cycle of the first
order (dominant) oscillation mode — given the symbol ¢. Dotted lines indicate a prediction of the position of the
surface for higher order deformation modes — given the symbol k where k = 0,...£. Plumacher tested the contribution
from each deformation mode as a change in apparent volume and concluded that large deviations seen when
comparing second and first order shape do not result in significant changes in apparent volume since the most
distinct deviation in the second mode occur at the poles (sample height), along the symmetry axis, which contributes
little to estimation of sample volume. Rather, deviation along the equatorial region (sample width) contribute more
since this term is squared. Looking back at Figures 30/31 and 32/33 we clearly see this observation reflected in our
data. Flat oblate shapes show a huge negative deviation in apparent volume.

4.6 Frequency Analysis and Error analysis

The theoretical Rayleigh natural frequency for each droplet was calculated using its volume, obtained via measuring
height and width in the resting state and making the well-considered assumption that the droplet is ellipsoidal when
at rest. After collecting three series of radius, we applied equation (7) to calculate prediction of natural frequency.
As we can see from Figure 35, the natural frequency corresponding to spherical volume in radius of Ry are higher
than other 3 series of natural frequency. The natural frequency corresponding to spherical volume in radius of R,
are lower than other Ry and Requivalent S€ries of natural frequency. That matched what we expected in frequency
prediction. However, the natural frequency collected from experimental data are lower than all three series of
predictions, which indicated the actual volume, and thus mass, during the experiment is greater and the
corresponding apparent spherical radius Requivalent 1S greater than R,,. It is as if the droplet were of spherical
dimensions corresponding to a value slightly larger than its actual width. Width dominates oscillatory behavior.

As discussed in the previous section, the experimental data was dominated by mixed mode frequencies which is
evident on the damped frequecines. Figure 27 shows damped frequency as a function of the droplet mass as
compared to the predicted frequencies from Rayleigh’s equation (7) for natural frequency. The experimental data is
lower than the predicted frequency calculated by taking the equivalent diameter as shown in equation (9). The
sample was in extreme oblate shape when the sample height and width was measured which induced error in the
prediction of the mode 2 natural frequency. The initial excitation frequency which was determined using the
equivalent radius as shown in blue maker was far off from the actual natural frequency. Higher modes have lower

frequencies which dampen faster and this observation is consistent with our results.
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Figure 27: Observed freqeuncy vs mass of water droplet
Priest [15] has shown in a previous study that the uncertainty in frequency decreases with the increase in deformation.
Results here do not show this trend. There is no change in the frequency shift plotted as a function of deformation
seen in Figure 28. Priest’s values [15] were obtained on a water/Ethylene Glycol mixture of similar aspect ratios
and thus differences can be attribited to the coupled modes present in the damped water droplet as opposed to the
higher viscosity glycol solution used in his work. Further studies on mode decoupling and viscous damping are
needed to understand the true effect of mixed modes on the deviation in the measured frequency.

4.7 Aspect Ratio Observation

The relation of aspect ratio compared with deformation and frequency shift are shown in Figure 28. For the current
work, the experimental aspect ratio was 0.692, which is higher than the other three series from the Priest data [15]
—though it is comparable. We observed that our droplet shape was more compressed, Ry, was enlarged and Ry, was
reduced. During previous observations, data points clearly showed characters of mode 2 oscillation, while our
experimental observation had a character that is better described as mixed mode. As a result, Priest clearly saw
damping to an equilibrium shape, seen as a flattening of the volume curve. Our data showed residual noise in the
volume curve, as seen in Figure 20. Differences may be due to his use of a viscous glycol solution in place of the
pure water used here. Due to the insufficient amount of success datapoint from our experiments, we did not observe

flat decreasing in aspect ratio. More experiments are needed in the future.
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Figure 28. Aspect ratio comparison
4.8 Viscosity and other uncertainties

We also assumed that the viscosity will not affect our results. We did not measure the viscosity so we did not know
what influence it will bring to the droplet measurement. During our observation, droplet rotation was a significant
problem and the relation between viscous flow, damping and rotation remains a topic for future work. In some
condition, we observation only rotation, the reason could be the inappropriate levitation frequency, droplet mass or
air flow. In most cases, we observe the mixed model of rotation and oscillation. As we could observe oscillation,
the overall input parameters are accurate. However, we could not control how the rotation develops and how it will
affect the performance of oscillation and damp out process is unclear. Studies have demonstrated the effect of
viscosity on the oscillatory performance of spherical liquid droplets, and some studies also focus on inviscid droplets
whose equilibrium shape is aspherical because the force use to counteract gravity [19]. Often during mode 2 testing,
the frequency spectrum splits into five separate frequencies for a droplet when it oscillates corresponding to
m=-2,-1,0, +1, +2. . If the droplet does not rotate, this number decreases to three. The frequency splitting stems
from the fact that, for modes € > 2, there existed different mode shapes m that reflect different behavior. In the study
of surface tension measurement, the measured frequencies are averaged, and mean value of the surface tension are
based on idealized Rayleigh frequencies. Data shows that the tap water has a 14.1% lower surface tension than pure

distilled the water, which means that the frequency will be calculated to have larger values than expected [20].
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5 Conclusions

5.1 Performance of experimental testing

We are using acoustic levitator to levitate small water droplets. Those sample will tend to be more stable
if we choose the size that is between 1.5 and 2 milligrams. Smaller drops appear more spherical in shape
while larger drops tend to become oblate and ellipsoidal.

We use a high-speed camera to observe oscillations. Different settings such frame rate or image pixel count
will have effect on measuring the deformation parameters used to characterize droplet shape. We perform
both direct measurement and grid measurement to reduce error. As the size of droplet is small, spatial
errors dominate temporal errors thus strongly influencing precision.

Image analysis code that we use in MATLAB is based on tracking the difference in illumination to conduct
edge detection. It cannot recognize oscillation modes, and settings in threshold of illumination need to be

adjusted when we use different light sources.

5.2 Experimental Results

When we add droplet into the acoustic field, it will start to evaporate. Many other factors will affect the
stability of droplet. We need to add more mass and adjust the levitating frequency to settle the droplet.

As we observe from experiment, when 6 becomes positive, volume will turn to negative. When 6 becomes
negative, volume will turn to positive. It is because Rw error is squared while Ry is not when calculating
apparent volume and assuming a purely ellipsoidal droplet shape.

The low success rate of oscillation observation is highly related to the low surface tension of water and
associated violent decomposition of the droplet when inserting it into the levitator. Although we have
adjusted different reference of surface tension, we find that it is a factor that need to be measured in real
time. That leads to our expected natural frequency is 30 to 40 Hz higher than the actual observed frequency.
Uncertainty dominates natural frequency estimation. If the droplet has greater mass, the calculated
expected frequency will be lower, and the difference of reference frequency and our calculation become
small. If the droplet has small mass, the difference will increase significantly. Differential evaporation may

explain deviation.
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We observed the oscillation stimulation and dampening processes with most resulting in mixed mode
oscillations. The mix model appears with multiple relation of excitation frequency between observed shape
and initial observed first order of target mode.

Mixed mode deviation is pronounced for oblate sample shapes where the apparent sample volume shows
significant negative deviation. This is expected since the volume term is dominated by sample width and

less sensitive to sample height.
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