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Abstract
Testing the Charge Residence Time on Acoustically Levitated Particles

by Tianshu Huang

Triboelectric charging on moving particles is widely observed in nature. Studies have discovered
the effects of both size and material type on the polarity and charge density of charged particles,
and the mechanisms by which the particles get charged. Meanwhile, little is known about the
stability of charge on the particle. One main issue for testing a particle’s discharge behavior
comes from the difficulty in controlling the potential influencing factors. Getting into contact
with other objects can cause charge variation on the particle. Many charge measurement methods

may also provide additional pathways for charge transfer.

In our thesis, we use a charge-sensing acoustic levitator to explore the discharge behavior
of polystyrene bead. We test the levitation performance on pumice and polystyrene bead in
different air pressure conditions. We find that, for a spherical particle of a given size, the acoustic
radiation force required to levitate the particle is proportional to the particle’s density and air
density. Using polystyrene bead as test particles, we measure the discharge process in different
relative humidities. We discover that the charge can be retained for weeks at low humidity,
but decays in a few hours at high humidity. The charge loss follows a logistic behavior, which
indicates that there may exist a two-step charge loss process. We also perform the measurement
on gold bead and discover that the composition of the particle doesn’t play a major role in the
discharge behavior. Future investigation focuses on taking measurements under different pressure

condition and gas compositions.
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Chapter 1

Introduction

Particle charging occurs in a wide range of natural phenomena, from small activities in daily life
(taking off the sweater in winter) to large geophysical (dust devil, storms) and planetary systems
(planet atmosphere), and plays a critical role in them. Triboelectric charging, a charging processs
on which particles can be electrically charged by contacting other particles, is one of the main
sources of electrification. The triboelectric charging in dust storms and dust devils on Mars [[1]]
has a significant impact on Mars’ planetary environment [2]][3]]. It stimulates chemical reactions,
such as the dissociation of methane and production of hydrogen peroxide, which change Mars’
atmosphere. Such phenomena account for the organic degradation [4] and create sharp-edged
razorbacks on Mars’ surface [3]. The charging effect has an important effect on the evolution of
life on Earth [6]. For example, as volcano erupts, lighting occurs in the volcanic plumes [7]]. A
volcanic lighting accelerates the process of nitrogen fixation and increases the concentration of
reduced gases (methane, ammonia) [8]. Such reduced gases are essential for synthesizing key

chemical components to generate life.

While people have long recognized the triboelectric charging process and its effects, the un-
derlying principles and mechanisms of discharging process are not well understood. Many studies

focus on the charging processes, but little is known about the stability of charge on the particles.



In nature, charge on the particles may last a long period before interacting with other substances.
Examining the stability of charge on particles would lead to new understandings of certain
natural phenomena, and would bring new insights into studying the charging process too. This

thesis will focus on measuring the discharging process and examining certain influencing factors.

One difficulty in studying the discharging process is to reduce the disturbance of other in-
fluencing factors and focus purely on the discharging process. In the natural environment, the
interactions involved in the discharging process are complex. Many discharging environments
are hard to reach (volcano eruptions, dust storms, upper atmosphere, Mars’ surface). Moreover,
measuring charge on the particle is also a big problem. Many measurement methods either
require contacting a particle’s surface or add additional pathways for charge to be transferred
from the surface. To fully test the charge residence time on a particle, it is required that the

particle needs to be isolated from contact and disruption during the entire experiments.

In our experiment, we use a novel, charge sensing acoustic levitator to control the movement
of the particle and measure the charge on it. Acoustic waves carry energy and momentum as they
travel through a medium. They can interact with obstacles along their paths and exert acoustic
radiation forces on the obstacles. When the radiation force balances the object’s weight, the
object can be levitated. The acoustic levitator generates standing sound waves to levitate and

trap particles. In this way, we can manipulate a particle’s motion without physical contact.

Tada and Murata have tested the charge leakage on a steel ball (19mm diameter) suspended
by Teflon fiber at high humidity [9]. They concluded that the charge loss is due to the direct
leakage of charge into air, and discovered that charge decays faster at higher humidity. Their study
provides insights on the effect of humidity on discharge behavior, but further investigations on
the discharge mechanism in different humidity conditions are required. Triboelectric charging

requires contact between particles, and equal amount of charges with opposite polarity are



distributed on the particles [10][11]. It is possible that the contact between charged and non-
charged particles will lead to charge leakage. In our experiment, the test particle can only collide
with air molecules. Since the air pressure a ects the collision rate of air molecules, testing the
discharge behavior at various pressures may also help understand the underlying mechanism. We

will also show that the process of charge loss is distinctly di erentin dry and humid environments.

1.1 Acoustic radiation force

In this section we introduce the expression of acoustic radiation force generated by standing
sound waves on a spherical particle [12][13][14]. By studying the maximum radiation force on
the particle, we estimate the particle properties, such as size and density, required for the particle

to be stably levitated.

Consider a spherical particle with radid®n the path of a sound wave with wavelength
Suppose that the particle is smdll () and the wave is traveling in an inviscid uid (i.e. the

uid has zero viscosity). The radiation force and radiation potential on the particle are given by

Ba= B a0z (1.1)
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* - 03 oA a2 . e .
a0s= 507 8% Y 2 5Ido YV E (1.2)
where”y is the compressibility of the uididg is the density of the uid;Y 22 is the time
average of the pressure eld of the sound wave squardd;; is the time average of the velocity

eld of the sound wave squared. The coe cierf§ and % are given by
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where”, is the compressibility of the particlel, is the density of the particle.

In Equation (1.2), the term outside the parentheses denotes the volume of the spherical
particle. As the sound wave propagates through the particle, the radiation force will both
compress the particle and move the particle's position. The rstterm in the parentheses denotes
the radiation potential from compressing a stationary particle; the second term in the parentheses
denotes the radiation potential for a moving, incompressible particle. Since the compression
force and transition force have opposite direction, the two terms has opposite sign.

The compressibility measures the change in volume as a response to a change in external
pressure. Objects with high compressibility are easier to be compressed. In the radiation poten-
tial, 5 denotes the coe cient of a stationary, compressible sphere in the propagating sound wave;
5 denotes the coe cient of an incompressible sphere moving in the sound wate 4y, 5
becomes zero; the radiation potential component from the incoming sound wave compressing
the particle becomes zero. df, = dyp, D becomes zero; there's no e ect on the potential from

the motion of the particle in the sound wave.

For a 1D planar wave traveling along z-axis in non-viscous uid, the related pressure eld,

density eld, and velocity eld are given by

?1-C€=?32>B:| °B8HC°- (1.5)
?0
dil-€= ~22>B:1 °BBHC - (1.6)
%
Bl-g= —0 Bgx|o2>BICoN (1.7)
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where2, is the speed of sound in the uidy denotes the amplitude of the pressure eld.



Substituting Equation (1.5) and (1.7) to Equation (1.2), we obtain the radiation potential as

3 2

* n0a= 0% %2 2>B11 0 2% % (1.8)

Here we use the fact thag = 1+ do25°.

We then obtain the expression for radiation force by di erentiating Equation (1.8) with respect

to z.
5d-, 2do No ?% 4c 3
- — —0°:B8x2:1 °I 1.9
2d,, do "o 4do23 3 (1.9)
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For hard particles like polystyrene and pumice in diy, d» and”,  ”o. In this case,
the term inside the parentheses in Equation (1.9) bec&®sThus, Equation (1.9) is further

simpli ed to
7?2 5
Qos= —0 22 03: B8E2:1 o (1.10)
4?3 6

The maximum radiation force is given by

4

Oc
=3 do23320° (1.11)
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where__is the wavelength of sound wav8;is the maximum displacement of air molecules.

Here we used the fact th@&p = 2(2)d03-_ and_=2ce:.

As Equation (1.10) presents, the radiation force is maximized at the antinodes (where
B8£2:1 © = 1) of the sound wave, and minimized at the nodes (wiz8&2:1°=0). We can

manipulate a particle's levitated position by changing the relative phase of the sound wave.

Figure 1.1 shows how the particle can be levitated in the standing wave. At the position of
the antinodes, the particle experiences maximum radiation force. The particle is then trapped in

the space between two antinodes at the position of a node, where the radiation force is zero.



Figure 1.1: Demo of levitated particle inside the wave. The top and bottom gray plates is the
wave emitter. The generated sound waves interfere and form standing waves between two plates.
A spherical particle is trapped inside the yellow region, between the position of two antinodes

When the radiation force exceeds the gravitational force, the particle can be levitated. The

minimum radiation force required to levitate the particle is given by:
6= —2004d 23203 1.12
<b = 33 020 ( : )

Applying < = 4+3c03%d- for a spherical particle to Equation (1.2), we get

5¢c3
d-6 = —-do253° (1.13)

From Equation (1.13), for a speci ¢ sound wave in a medium, the condition for levitating the
particle is determined by the density of both the medium and the particle. For an ideal gas, the
pressure is proportional to its density.

2=d" (1.14)



where p is the air pressuré;is the air density; R is the speci ¢ gas constant for that gas; T is the

absolute temperature.

From Equation (1.14), as pressure decreases, the density decreases, and thus the radiation

force decreases.



Chapter 2

Experiment

2.1 Design

2.1.1 Acoustic Levitator

We construct the acoustic levitator following the guide from Marzo et al. [15][16][17]. Our
levitator is a single-axis non-resonant levitator. Figure 2.1 shows the general appearance of the
levitator. The levitator consists of two hemispherical shells concaving towards each other. Each
shell has 36 transducers. The 36 transducers are arranged in 3 circular rings with 6, 12 and 18
transducers (counting from the inner ring). The transducer operates at a frequency of 40kHz with
a wavelength of 8.65mm. Each hemispherical shell serves as an emitter of the sound wave. The
sound waves generated by the top and bottom emitters form standing waves in the space between
the two emitters. The particle experiences the acoustic radiation force and can be levitated at the

nodes.

We excite the transducers with sine waves. We use the Arduino Uno to control the sine wave
signals to the transducers. By changing the phase di erence between the sound wave from top

and bottom emitters, we can adjust the position of the nodes and therefore move the particle.



(@) (b)

Figure 2.1: Appearance of the acoustic levitator. Image (a) presents a polystyrene bead (radius
= 1mm) levitated inside. Image (b) shows the arrangement of the transducers.

2.1.2 Charge Measurement Setup

Figures 2.2 and 2.3 show the experimental setup for charge measurement. We use the 10kV
negative ion generator as the ionizer in the experiment; it's also controlled by Arduino Uno. A
Faraday cup is placed inside the levitator for charge measurement. The Faraday cup is connected
to a capacitor (C = 1000pF), resistor (R = 5§zand a preampli er together to measure the charge

on the particle. By controlling the acoustic eld inside the levitator, we can drop the particle into

the cup and raise it again without contacting the cup's surface.

When we turn on the ion generator, it generates electron streams that negatively charge the
levitating particle. Once the particle is charged, we lower the particle into the Faraday cup by
changing the phase of the sound wave. As the negatively charged particle enters the cup, the
repelled electrons in the RC circuit accumulate on the capacitor, creating a voltage di erence

across it. Knowing the capacitance, we can measure the voltage di erence across the capacitor



and calculate the charge on the capacitors and, thus, on the particle.

We place the entire setup in a vacuum chamber with a small beaker inside. By controlling the
amount of water and water temperature inside the chamber, we manipulate the humidity inside.
We use the vacuum pump to control the pressure inside the chamber. The humidity and pressure

are measured by sensors inserted in the vacuum chamber.

2.2 Procedures

2.2.1 Charge measurements

We rst charge the particle, then measure the charge on it. We place the particle inside the
levitator, right above the Faraday cup. During the charging process, we turn on the ion generator
for 5 seconds, then turn it o . After that, we wait for 1 minute to allow any negative charge
on the Faraday cup to dissipate. For a single measurement, we gradually drop the particle into
the cup without contacting the bottom, wait for 1.5 seconds to detect charge di erences, then
raise the particle back to its original position. Between every single measurement, we wait for 1
minute. Depending on the relative humidity inside the chamber, the overall measuring time may
last from a few hours to weeks. The 1min waiting time between two measurements are chosen

to guarantee the charge on capacitor be completely dissipated.

10



Figure 2.2: Actual gure of the charge measurement setup. A polystyrene bead is levitated inside
the levitator. The ion generator shots electron streams to ionize the bead. The wire mesh Faraday
cup can detect and measure the charge on the bead once it enters the Faraday cup.

(@) (b)

Figure 2.3: Schematic of experimental setup. Image (a) shows the charging process of the
experiment. Image (b) shows the measurement process of the experiment.
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Chapter 3

Results

3.1 Pressure variation

We test the performance of the levitator under various air pressures inside the chamber on di er-
ent particles. We use two di erent particles for the experiment: polystyrene beads and pumice.
The beads are spherical, expanded polystyrene foam with radius of Imm. Such beads can be
stably levitated at normal temperature and pressurdJ20atm). The pumice is a silicon-based,
rough textured volcanic glass. We use a 3D scanner to measure the volume of a large pumice
rock and calculate its density. The testing pumice particles are small pieces of the large rock, cut

in approximately the same size as the bead by hand.

For each material, we perform 20 experiments. As Equation (1.13) presents, when the
pressure drops to a certain value, the radiation force will no longer hold the particle in air.
In each experiment, we record the minimum air pressure at which the particle falls out of the
acoustic trap. The mean value and standard deviation of the minimum pressure are listed in Table
3.1.

To further test the spatial extension of the acoustic trap, we measure the minimum pressure

for multiple particles (number ranging from 1 to 9) levitated together in the levitator. We use

12



Particle Density(gecm®) | Mean(kPa) | STD(kPa) | Size(mm)
Polystyrene Bead 0.0466 6.6 1.1 1
Pumice 0.299 33.2 5.6

Table 3.1: Data of minimum pressure for each particle. Mean denotes the mean minimum
pressure of 20 experiments. STD denotes the standard deviation. The density ratio of pumice to
polystyrene bead is approximately 6; the mean minimum air pressure ratio is approximately 5.
The polystyrene bead has a smaller standard deviation than pumice.

polystyrene beads to perform the experiment since the beads are levitated more stable than the

pumice. The data is shown in Figure 3.1. As Figure 3.1 shows, the minimum air pressure

Figure 3.1: Minimum dropping pressure versus the number of beads levitated together. All the
particles are levitated at the central node of the levitator. The particles are clustered in the same
horizontal plane.

required for multiple particles is around 6 kPa. This is identical to the mean value for a single
polystyrene bead in Table 3.1. Thus, the radiation force is large enough to levitate particles in

such spatial extension.
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