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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 takingmeasurements 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 [5]. 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 andmechanisms 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.
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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
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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 affects 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 different in 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 radius 0 on the path of a sound wave with wavelength _.

Suppose that the particle is small (0 � _) and the wave is traveling in an inviscid fluid (i.e. the

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

®�A03 = −®∇*A03 , (1.1)

*A03 =
4c
3
03

[
51

1
2
^0 < ?

2 > − 52
3
4
d0 < E

2 >

]
, (1.2)

where ^0 is the compressibility of the fluid; d0 is the density of the fluid; < ?2 > is the time

average of the pressure field of the sound wave squared; < E2 > is the time average of the velocity

field of the sound wave squared. The coefficient 51 and 52 are given by

51 = 1−
^?

^0
, (1.3)

52 =
2(d? − d0)
2d? + d0

. (1.4)
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where ^? is the compressibility of the particle; d? 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 first term 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, 51 denotes the coefficient of a stationary, compressible sphere in the propagating sound wave;

52 denotes the coefficient of an incompressible sphere moving in the sound wave. If ^? = ^0, 51

becomes zero; the radiation potential component from the incoming sound wave compressing

the particle becomes zero. If d? = d0, 52 becomes zero; there’s no effect 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 fluid, the related pressure field,

density field, and velocity field are given by

?(I, C) = ?02>B(:I)B8=(lC), (1.5)

d(I, C) = ?0
22

0
2>B(:I)B8=(lC), (1.6)

®E(I, C) = − ?0

d020
B8=(:I)2>B(lC) Î. (1.7)

where 20 is the speed of sound in the fluid; ?0 denotes the amplitude of the pressure field.
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Substituting Equation (1.5) and (1.7) to Equation (1.2), we obtain the radiation potential as

*A03 = c0
3^0?

2
0 [
51
3
2>B2(:I) − 52

2
B8=2(:I)] . (1.8)

Here we use the fact that ^0 = 1/(d02
2
0).

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

to z.

®�A03 =
[5d? −2d0

2d? + d0
−
^?

^0

]
?2
0

4d02
2
0

4c
3
03:B8=(2:I) Î. (1.9)

For hard particles like polystyrene and pumice in air, d0 � d? and ^? � ^0. In this case,

the term inside the parentheses in Equation (1.9) becomes 5/2. Thus, Equation (1.9) is further

simplified to

®�A03 =
?2
0

d02
2
0

5c
6
03:B8=(2:I) Î. (1.10)

The maximum radiation force is given by

�A03<0G =
20c4

3_3 d02
2
03

203 (1.11)

where _ is the wavelength of sound wave; 3 is the maximum displacement of air molecules.

Here we used the fact that ?0 = 22
0d03/_ and _ = 2c/: .

As Equation (1.10) presents, the radiation force is maximized at the antinodes (where

B8=(2:I) = 1) of the sound wave, and minimized at the nodes (where B8=(2:I) = 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.
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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 =
20c4

3_3 d02
2
03

203 (1.12)

Applying < = 4/3c03d? for a spherical particle to Equation (1.2), we get

d?6 =
5c3

_3 d02
2
03

2 (1.13)

From Equation (1.13), for a specific 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.

? = d') (1.14)
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where p is the air pressure; d is the air density; R is the specific 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.
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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 difference between the sound wave from top

and bottom emitters, we can adjust the position of the nodes and therefore move the particle.
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(a) (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 = 5GΩ) and a preamplifier together to measure the charge

on the particle. By controlling the acoustic field 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 difference

across it. Knowing the capacitance, we can measure the voltage difference across the capacitor
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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 first 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 off. 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 differences, 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.
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Figure 2.2: Actual figure 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.

(a) (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 differ-

ent particles. We use two different particles for the experiment: polystyrene beads and pumice.

The beads are spherical, expanded polystyrene foam with radius of 1mm. Such beads can be

stably levitated at normal temperature and pressure (20°C, 1atm). 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
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Particle Density(g/cm3) 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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3.2 Charge measurements

3.2.1 Sample measurement

(a) (b)

Figure 3.2: A data sample of voltage changes collected from Faraday cup. Image (a) shows three
identical measurement processes. Image (b) shows the detailed measurement for the second
spike in image (a).

Figure 3.2 shows how the measured voltage changes across the capacitor as the particle enters

and exits the Faraday cup. Initially, when the particle is levitated outside the cup, the voltage

is approximately zero. The small fluctuations may be due to thermal noise. When the particle

enters the cup from the top, the voltage drops, since the particle is negatively charged. As the

particle exits the cup, the voltage increases to a positive value. Then, after waiting for 1 minute,

the voltage drops back to zero, and we start a new measurement. The positive spike in Figure 3.2

is due to charge leakage through the resistor. Ideally, when the charged particle enters and exits

the cup, the voltage would first drop to a certain value, then return to zero. When the particle

stays in the cup for 1.5 seconds for the charge measurement, the resistor provides a path for a

small amount of charge to escape. This creates a net positive voltage across the capacitor when

the particle exits the cup.
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We obtain the voltage difference by calculating the difference between the minimum voltage

value and the baseline voltage (the voltage when no particle enters or exits the cup) in each

measurement, as shown in Figure 3.2 (b).

3.2.2 Charge measurement as a function of humidity

We test the influence of humidity on a particle’s discharging process. We use polystyrene beads

as the testing particle for a more stable measurement. Our tested relative humidity (RH) ranges

from 10% to 88%. For each relative humidity value, we perform the charge measurement for

two days, calculate the voltage difference for each measurement, and plot the graph of voltage

difference with respect to time.

We first study the particle discharging behavior for different RH values. Figure 3.3 shows

two sample graphs of change in voltage difference with respect to time at 62% and 23% RH.

These voltage difference measurements start at approximately the same value, and they represent

the changes in both high and low RH.
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(a) (b)

Figure 3.3: The change in voltage difference in each measurement with respect to time. Image
(a) shows the change in 62% RH. Image (b) shows the change in 23% RH. The voltage difference
decays at an increasing rate at 62%. At 23%, the decay is more stable. The small fluctuation are
caused by thermal noise.

As Figure 3.3 shows, the charge decreases faster at 62.45% RH than at 23.46%. The slope

of the plot at 62.45% also decreases faster. To further compare the differences in the discharging

process, we plot the change in voltage difference under 5 different relative humidities in Figure

3.4. For each humidity, we normalize the voltage difference by its initial value. To reduce the

noise in the data, we take the average value of every 10 consecutive data values.

The charge decaysmuch faster at high humidity than low humidity. Moreover, the discharging

process varies between high and low humidities. At high humidity (62.45%, 75.29%), the slope

of the curve decreases rapidly. At low humidity (17.26%, 23.46%, 49.92%), the slope of the

curve tends to be constant.
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Figure 3.4: Voltage difference with respect to time for 5 different values of RH. The total
measurement time in experiment is different for each curve. At high humidities, as humidity
increases, the voltage decreases faster. At low humidities, the voltage decreases much slower
than at high humidities.

In Figure 3.4, the slope of the curve at high humidity first experiences a slow decay, then

decreases rapidly, but when approaching 10%, the slope tends to increase. For the curve at

low humidity, the slope also varies as time progresses. As discussed later in section 4.2.1, the

discharge behavior depends on the remaining charge on the particle. Tada and Murata found that

the voltage decreases exponentially [9]. In our experiment, rather than simple exponential decay,

the curve experiences a step change. Thus, we fit the data to a logistic form, as given by

+ (C) = �

1+ 4U(C−Cℎ)
(3.1)

to the curve. The curve fitting MATLAB code is provided by James Conder [18]. In Equation

(3.1), + (C) represents the value of voltage difference with respect to time; � is the maximum

value of the logistic equation; U is the logistic growth rate of + (C); Cℎ is the t-value of the

17



symmetric inflection point.

(a) (b)

Figure 3.5: The logistic fitting result of the sample curves in Figure 3.3. Image (a) shows the
change in voltage difference in 62% RH. Image (b) shows the change in voltage difference in
23% RH. The voltage difference is plotted in logarithmic scale. The nonlinear curve fitting result
at 62% indicates that the change voltage difference is not an exponential decay.

Figure 3.5 shows the logistic curve-fitting result of two sample measurements given in Figure

3.3. The voltage difference is plotted in logarithmic scale. Unlike exponential decay, where the

decaying curve is a straight line in logarithmic scale, the 62% RH shows a clear logistic behavior.

The 23% curve can still be fitted, but it’s uncertain whether the general behavior of the data is

logistic or not.

We define g = 1/U as the time constant of Equation (3.1). g represents a time scale at which

+ (C) decreases.

For a polystyrene bead, we measure the change in voltage difference with respect to time

under 33 different RH values, fit the data with Equation (3.1) to find the constant coefficients

(�,U,Cℎ), and calculate the time constant g for each measurement.

18



Figure 3.6: Time constant vs relative humidity. The time constant is displayed in logarithmic
scale. Each data point is obtained from a fitting to a single voltage difference curve at a specific
RH.

Figure 3.6 shows the value of the time constant g of the logistic curve fitting result for each

humidity. In the low humidity region (below 45%), the time constant stays at around 5 days. In

the medium humidity region (45% to 55%), the time constant decreases significantly as humidity

increases. In the high humidity region (above 55%), the time constant stabilizes at around 0.2 day.

To further investigate the principles behind the discharging process, we change the surface

property of the polystyrene bead. We use a thermal evaporator to coat the bead with a thin layer

of gold. In this way, we change the bead’s surface conductivity as well as the chemical nature of

the surface’s interaction with water. We calculate the time constant g for 27 voltage difference

curves. Each curve represents a single measurement of the change in voltage difference with

respect to time at a specific RH.
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Figure 3.7: Time constant vs relative humidity for gold bead. Time constant is displayed in
logarithmic scale. The RH varies from 20% to 76%. The change in time constant with respect
to RH shows a similar behavior as Figure 3.6.

As Figure 3.7 shows, for the gold bead, the change in the time constant g with respect to

relative humidity follows a similar pattern to that of the polystyrene bead.
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Chapter 4

Discussion

4.1 Pressure variation

In Table 3.1, the density and mean minimum falling pressure of pumice are both approximately

five times larger than the corresponding values of the polystyrene beads. This result is consistent

with Equation (1.10). For two spherical particles of the same size, an increase in density is rep-

resented by an increase in mass. Equation (1.10) shows that with regards to particle properties,

the acoustic radiation force is only affected by the particle radius 0. Thus the radiation force will

be the same for both the pumice and the polystyrene bead. Meanwhile, the gravitational force on

the particle will vary, since particle’s mass is different.

From Equation (1.11), the maximum radiation force is proportional to the density of air d0.

From Equation (1.14), the density of air is proportional to the air pressure inside the chamber.

Therefore, the minimum pressure required to levitate the particle by overcoming the particle’s

gravitational force is proportional to the density of the particle, as shown in Equation (1.13).

From Figure 3.1, we do not observe a dependence of the minimum air pressure on the number

of beads. The variation between the minimum air pressure values for each number of beads may
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due to the arrangement of the particles. As the number of beads increases, the beads are clustered

together in the same horizontal plane inside the levitator. The nodes of the standing sound wave

are concentrated in a small region. As the number of beads increases, the cluster size reaches

out of the region, causing the radiation force to be unevenly distributed.

4.2 Charge measurement

As Figure 3.3 indicates, the discharging behavior of polystyrene bead varies between low and

high humidity. The charge on the polystyrene bead decreases more rapidly at high humidity than

at low humidity.

Figure 3.4 shows the discharging behavior of polystyrene beads for values of five different

humidity. At high humidity, the discharging process is better represented by a logistic curve

rather than an exponential curve. Moreover, at high humidity, the discharging process is more

sensitive to variation in humidity. At low humidity, the effect is not obvious. The change in

humidity influences the discharging behavior at low humidity, but it’s not the dominant factor.

The charge decreases much slower at low humidity. The charge on the polystyrene bead can

last for weeks at low humidities (Figure 3.4, 17% RH). At high humidity the charge decays by

90% in only one or two days.

Figure 3.4 indicates that there exists two types of discharging mechanism at low and high

humidity. Humidity dominates the discharging process at high humidities. The main charge

transfer may be achieved by the interaction between the negative charge on the polystyrene beads

and the water molecules in the environment. At low humidity, the bombardment of air molecules

on the polystyrene bead may account for the discharging process.
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4.2.1 Discharge behavior at high humidities

After fitting Equation (3.1) to each discharging curve and calculating the time constant, we obtain

Figure 3.5. The influence of humidity is beginning to be significant between 40% and 60%. This

is the range where humidity begins to play a major role in the discharging process.

Equation (3.1) is well-fitted to voltage difference data measured at high humidity. For an

exponentially decaying curve, the decay rate decreases exponentially with time, causing the

entire discharge process to gradually slow down. However, for a logistically decaying curve, the

charge decreases slowly at the beginning and the end, but decreases exponentially in the middle.

Such a good fit to an equation of logistic form likely indicates a complex discharge process. We

hypothesize that the logistic behavior indicates a two-step charge loss mechanism.

(a)
(b)

Figure 4.1: Demonstration of the two-step charge loss process at high humidities. Image (a)
shows the adherence of water molecules to particle’s surface. Image (b) shows the neutralization
of negative charge on the particle.

Figure 4.1 demonstrates the two-step mechanism. In the first step, the water molecules in

air adhere to the particle’s surface. In the second step, the positive hydrogen ion neutralizes the

negative charges on the particle’s surface; then the remaining hydroxide ions evaporate away.

Both steps may contribute to the logistic behavior of the discharge process. In the first step, the
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humidity may affect the rate of water molecules adhering to the bead’s surface [19][20][21][22].

In the second step, the environmental humidity may influence the neutralization and evaporation

processes [23].

In Figure 3.6, at around 45% relative humidity, the influence of humidity starts to dominate

the discharge process. The increase in humidity speeds up the two-step charge loss process,

and the time constant decreases rapidly with relative humidity. We also notice that at very high

humidity (65% and above), the rate of change of the time constant slows down with respect to

relative humidity. In this case, the water molecules on the surface may be saturated, and the

humidity will no longer be the major influencing factor.

Our lab member Jake McGrath uses the quartz crystal microbalance (QCM) to measure the

thickness of the water layer with respect to RH. QCM detects the change in frequency of a quartz

crystal resonator and measures the variation of mass per unit area. The QCM is placed inside a

chamber. The mixture of water vapor and dry air flows into the chamber from the top. The humid

air forms water layer on the QCM surface. We then measure the change in QCM’s frequency

and calculate the thickness of the water layer with respect to RH inside the chamber.

Figure 4.2 shows the change in water layer’s thickness with respect to RH. The thickness of

the water layer rapidly increases after 45% RH. This is consistent with Figure 3.6, where the time

constant rapidly decreases after 45%. Such behavior in the change of water layer with respect to

RH provides strong evidence that the water dissociation plays a critical role in the discharging

process at high humidity.

4.2.2 Discharge behavior at low humidities

At low humidity, the humidity makes a negligible contribution to the discharge process. We

hypothesize that the main influencing factor at low humidity is the collision rate between the
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Figure 4.2: Change in water layer’s thickness with respect to RH. Each data point is the average
thickness of three measurements. The thickness beings to grow rapidly at approximately 45%
RH.

particle and air molecules. As air molecules collide with the charged particle, the charge may be

transferred to the air molecules by conduction. The air molecules may also be triboelectrically

charged. Changing the air pressure will change the density of air, and thus influence the collision

rate of the air molecules. Taking charge measurements at various pressures at low humidity will

be our future investigation.

4.2.3 Effect of particle composition on discharge behavior

To test the influence of particle composition, and especially conductivity, on the discharging

process, we perform the experiments on gold beads. As Figure 4.3 shows, there are no major

differences between the time constants of polystyrene and gold as humidity varies. This result
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indicates that the conductivity does not play a major role in the discharge process.

As the two-step process in section 4.2.1 describes, the water molecules first adhere to the

particle’s surface, then neutralize the charge. Therefore, the hydrophobicity of the particle may

also influence the discharge behavior. For example, water molecule may be less likely to attach

to the particle surface if the particle is highly hydrophobic. In this case, the discharge process

would slow down even at high humidities.

Figure 4.3: Comparison of time constant between polystyrene and gold. The change in time
constant with respect to RH shows no significant differences between polystyrene and gold
particles.
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Chapter 5

Conclusions and Future Work

We test the performance of the acoustic levitator with respect to change in environmental pres-

sure and particle density with polystyrene particles and pumice. As pressure decreases, the

acoustic radiation force decreases. For particles with the same size, denser particles are more

difficult to levitate. Using the built acoustic levitator, we measure the discharging process and

its time constant for polystyrene and gold particles under different humidity conditions. For

each measurement in a specific humidity, we fit the logistic equation to the data of the measured

voltage change with respect to time. We calculate the time constant for each data set and plot it

with respect to relative humidity. From the data, we discover that the discharge rate increases

rapidly after 40% relative humidity. At high humidity, the discharging curve behaves logisti-

cally; the charge decrases at a timescale of hours. At low humidity, the timescale for discharge

is weeks. This reveals that there may be two separate discharge mechanisms: one for the low

and another for the high humidity discharging process. We also test the discharging behavior

of the polystyrene bead with gold-coated surface. Comparing the change of the time constant

with respect to time between polystyrene and gold, we find no major differences. Thus, the

composition of the particle does not play a major role in the discharging process.

Future investigations will focus on the following aspects:
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• Record the entire discharging process for polystyrene at low humidity. As Figure 3.4

shows, at low humidity the discharging process has a timescale of weeks. Measuring only

the initial discharging behavior may not fully represent the general discharging trends.

Thus we need a complete measurement of the entire discharging process to further analyze

the behavior.

• Change the air composition in the chamber. The water molecules in air may be responsible

for charge transportation between the particle and the environment, especially at high

humidity. Introducing other molecules in the air, such as alcohol, can help to examine the

role of water in the discharging process.

• Perform charge measurements at low humidity and vary the air pressure. We hypothesized

that at low humidity, the charge is mainly lost due to collisions with air molecules.

By varying the air pressure inside the chamber, we can test our hypothesis and further

investigate how low humidity affects the discharging behavior.
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