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ABSTRACT

Energy efficient appliances and devices are becoming increasiaghgsargs emissions
from electricity production continue to increase the severity of global warming. Many of such
appliances have not been stdantially redesigned since their creation in the early 1900
device in particular which has arguably changed ¢lastland consumes the most enahgiyng
useis the electric clothes dryefhe common form of this technology in the United States relies
on the generation of thermal energy by passing electrical current through a metal. The resulting
heat causes liquid ithin the clothing to evaporatwherehumid airis ejected from the control
volume.While the conversion of energy from electrical to thermal through a heating element is
efficient, the drying characteristics of fabrics in a wdnmid environment are nognd much of

the heat inside of the dryer does not perfaronk efficiently.

In 2016, researchers at Oak Ridge National Laboratokynoxville, Tennessee, proposed
an alternative mechanic for the drying of clothes which circumvents the need for theargy.
This method is called direcintact ultrasonic clothelying, utilizing atomization througdiirect
mechanical coupling between mesh piezoelectric transducers and wet fabric. During the
atomization process, vertical oscillations of a containadidigcalled Faraday excitations, result
in the formation of standing waves on the liquid surface. At increasing amplitudes and frequencies
of oscillation, wave peaks become extended anc
to the bulk liquid. When the oscillation reaches an acceleration threshold, the droplet momentum

is sufficient to break the surface tension of the neck and enable the droplets to travel away from



the liquid. For smaller drops where surface tension is high, a larger magnitadeederation is
needed to reach the critical neck lengths necessary for droplet ejection. The various pore sizes
within the many fabrics comprising our clothing results in many sizes of droplets retained by the

fabric, affecting the rate of atomizationelto the differences in surface tension.

In this study,we will investigate the physical processes related to the direct contact
ultrasonic drying process. Beginning with the electrical actuation of the transducer used in the
worl dos fir s,twe will devetop anpelectrainechamical model for predicting the
resulting deformation. Various considerations for the material properties and geometry of the
transducer will be made for optimizing the output acceleration of the délege.the drying ras
of fabrics in contact with the transducer will be modeled for identification of parameters which
will facilitate timely and energy efficient drying. This task will identify the first ever mechanically
coupled dryingequationfor fabrics in contact witlultrasonic vibrations. The ejection rate of the
water atomized by the transducer and passed through microchannels to facilitate drying will then
be physically investigated to determine characteristics which may improve mass tr&salbyt.
future conglerations and recommendations for the development of ultrasonic drying will be made

as a result of the insight gained by this investigation.
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GENERAL AUDIENCE ABSTRACT

Energy efficient appliances and devices are becoming increasiaghgsargs emissions
from electricity production continue to increase the severity of global warrivlagy of such
appliances have not been substantiafigfesigned since their creation in the early 19
device in particular which has arguably changed the least and consumes the most energy during
use is the electric clothes dryer. The common form of this technology in the United States relies
on the g@neration of thermal energy by passing electrical current through a metal. The resulting
heat causes liquid within the clothing to evaporate where the humid air is ejected from the control
volume. While the conversion of energy from electrical to therhralugh a heating element is
efficient, the drying characteristics of fabrics in a warm humid environment are not, and much of

the heat inside of theolumedoes nbperform drying as efficiently as possible

In 2016, researchers at ORidge National Labratoryin Knoxville, Tennessegroposed
an alternativenechanisnior the drying of clothes which circumvents the need for thermal energy.
This method is called direciontact ultrasonic clothes drying, and utilizesibrating disk made
of piezoelectricand metal material® physically turn the water retained in clothing into a mist,
which can be vented away leaving behind dry fafrigs method results in the water leaving the
fabric at room temperature, rather than being heated, which bypassesdHerreeubstantial
amount of energy to convert from the liquid to gas phake.first ever prototype dryer shows the

potential of being twice as efficient as conventional dryers.



This investigation is based around improving the device atomizing the wisthén the
clothing, as well as understanding physical processes behind the ultrasonic drying pioesss.
tasks willbe conducted through experimental measurements and mathematical models to predict
the behavior of thetomizing device,as well as computer software for both the parameters
experimentally measured, and items which cannot be measured such as the flow in very small
channelsThe conclusiosof this study will be recommendations for the future development of

direct contact wfasonic drying technology.
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Chapter 1

Introduction

1.1 Background

Residential and commercial clothes drying is an energy intensive process thatrhadenot
significant technological advancemesiacethe invention of the modern electric dryerli38
by J. Ross Moorgl]. Since s invention, the same fundamentals of generating thermal energy for
evaporating moisture in clothing has been used in subsequent generations of residential clothes
dryers. While the method of producing thermal energy has changed from combustion of Isateria
to the passage of electricity through a heating element, the concept has remained udattsved.
technology, control cycles, and heat exchangers have been used to increase the efficiency of dryers
however they have subsequently increased the time it takes to dry clothing. In the United States,
the majority of consumers favor quick dry times which consumes significantly more energy than
European counterparts utilizing heat exchanges and regeedaethnabdgy. This is evident since
over 80%of the market sharef dryers sold in the U.S. amdectric resstance [2]. These dryers
consumeapproximately 4% of the energyoducedn the United Statel?].

Energy star appliances have sought to increase the efficiencig éé¢hnology, but with
limited results. These appliances are categorized by their combined energy effeoc\CEF),
measuring the pounds of clothing drieer kWh of electricity consumed. A subset of available
dryers can be pictured in figure 1Mhere it can be quickly seen the CEF of electric resistance
dryers are substantially lower than rival heat pump dryers, as well as hybrid dryers utilizing a
combination of both technologiesioreover, the legal minimum CEF necessary to be sold in the

United States is close behind tludtelectric resistance dryer@nd as our restrictions on energy

1
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Figure 1.1. Energy efficiency comparison of different dryer types.
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inefficient appliances increask is not a farfetched idea that electric resistance dryery soon
be obsolete.

It is necessary to change the fundamental mecl@mwehich these dryers operateorder
to move away from electric resistance heating elements and towardsffidient clothes dryers.
In 2016, researchers at Oak Ridge Natidrzd in Oak Ridge, Tennesseaarned to piezoelectric
elements to solve this problem. The high efficiency of electromechanical coupling piezoelectric
materialsis defined by means that much of the input electrical energy will be converted to useful
mechanical work. By mechanically exciting the wet fabric, researchers were able to atomize the
water retained in the clothing, turning the retained moisture to a fstenrhich can be vented out
of the clohing either through forced ags well aghrough microchannels embedded within the

piezoelectric transducers.



This investigation will consider the multiphysics process of atomization, from the actuation
of the piezoedctric device, to the atomization and ejection of water from the fabric. The
mathematical models and insight gained will aid in the development of the next generation clothes
dryer. We will begin with the electromechanical modeling of the piezoelectnsduaer before
connecting the output acceleration to the drying rates of fabrics it is in contact with. From this
point, the atomized water and its passage through the microchannels within the transducers plate
will be investigated for increasing the mdissv rate.

The proposed dissertation includeé®e electrelastic analytical modelswhich couple
multiphysics topics, as well asfinite element and experimental verification thie developed
models The modelsntroducedidentify the influence of key panaeters on ultrasonic drying and
will aid in improving atomizer design for efficient, timely fabric drying. This study is the first
proposed model for the ultrasonic atomization of fabrics saturated with water, applicable to any
type of transducer. The rdmipresent a nedimensionakquationfor the ultrasonic dewatering
of fabrics, dependent only on transducer acceleration and the surface area of the cloth. The
development of this technology using the proposed physical models will allow for global

reductons in electrical demand related to clothes drying

1.2 Governing physics

The direct contact atomization process for water retained in fabrics is astepliprocess
coupling electromechanical and fluid mechanic behavior. The center point of whighrtscalar
piezoelectric transducer selected for its drying capabilities due to several key f¢atuidw
transducer shown in figuré&.2 is comprised of an outer bimorph portion, responsible for

converting the input electrical signal to a mechanical deformation. The inner portion of this



x =2y, +h
h, + h

]

= =% =
I
>
o1

[
o >

=
Il

axis of |
symmetry

Figure 1.2. (a) Transducer imag€b) transducer schematic and coordinate system, and
(c) transducer cross section

transduceris a thin stainlessteel plate which is also the substrate of the bimorph. Due to the
bimorphs deformation acting as a base excitation, the plate vibrates acdordlagsical plate
theory; this is due to its thickness to diameter ratio fitting the criteria for Kirchoff plate theory.
This thin plate is able to vibrate with sufficient acceleration from the motion of the birsorph
that water in contact with its suda is nearly instantly atomized. Finally, small microchannels
laser cut into the platffigure 1.3) help to facilitate the transport of water from the top of the
transducer to the bottom, where it is vented away due to the high velocities the liquidreache
inside of the channeWe will break this process into four parts:

1. Actuation of the bimorph via an electrical stimuli.

2. Vibration of the thin inner plate due to the deformation of the bimorph.

3. Drying characteristics of fabrics in contact with the vibmtiransducer.

4. Liquid transport characteristics inside of the microchannel.



Figure 1.3. (a) Transducer imag€b) top view showing microchannel inlet, a(a)
bottom view showing microchannel outlet.

The first portion will consider | inear pie
Galerkinds Method are used together to solve
voltage. The analytical model developed considers the material pespartd geometry of the
bimorph, where the boundary conditions can be altered to consider a wide range of mounting
conditions for the transducérhe goal of this model is to evaluate resonance between the bimorph

and the plate, while also creatingeguaion capable of being optimized.

The second portion is the vibration of a thin plate by a base excitation. The bimorph
displacesby a known amount due to the previous modeling efforts, and therefore the outer portion
of the plate is forced according to tmmmtion. The unconstrained portion of the plate is then free
to vibrate as a function of its material properties, geometry, and the excitation frequency and
magnitude This model is based upon Kirchoff plate theory, valid for displacements smaller than
thepl at ebs t hickness ahegataishalele tmachpmeichhigheranagnitodesat h a
of acceleration than the bimorph due to the lack of constraints amud ie&ss. The acceleration
output is then capable of oscillating ligaidiith sufficiertly small capillary wave lengths that
droplet ejection is achieved.

During the third stage, the physics of atomization and droplet ejeatiomr within the

fabric. Due to the oscillation of the fabric generated by the vibrating transducer, liquid droplets



retained betweepores in the fabric are exciteohd capillary waves generated on their surface.
The resulting small diameter drogehatare ejected pass through the fabric where it is capable
of being vented away, either through the microchannels wemist moves downward, or by
ambient air if it is ejected upwards.

Lastly, the eje@dmistin the form ofdroplets pass through microchannels in the center of
the plate, visil# as the darkened region on figur8d. These microchannels have an idiatmeter

of 70mm, and an outlet of 16m. Due to the oscillatory motion of the plate the downwards motion

results in air entrainmeneading totwo phase flow dynamics. The complexity of the flow arises
due to air entrainment, as well as the short length of the channel, resulting iicaigrehtrance

and exit effectsmoreover, the openir outlet and decreasing water supply at the inlet tesul
complex boundary conditions. An investigation into increasing the mass flow rate of the
microchannels by controlling its physical parameters will be considergatrease th&ransport

of water The motion of the microchannel is the only known paatem as the modeling efforts in

the first two stages predicts tissplacementiue to an applied voltage to the bimorph.

1.2.1 Piezoelectriactuation

Piezoelectric materials are those which can conwexthanicaktraininto electrical charge
noted aghe piezoelectric effect, and vice versa, where the inverse piezoelectric effect converts
electrical charge into mechanicatain This phenomenon occurs due to an imbalance of charge
within thelattice structure othe materialcreating a dipolé€figure 1.4 [4]). These materials have

been well suited for a wide range of tasks, most typiaailly regards tdhe fidd of vibrations.
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Figure 1.4. Crystalline structure of PZT highlighting the charge imbalance.

Vibration-based models of smadtale piezoelectric systems/édeen an increasingly popular
research area for a widange of applications including energy harvesting, controls, structural
health monitoring, and contactless acoustic energy transfer systems, amondSefitdrs-or
theseapplicationsaccess to the devices and energy availability are ligmie#ing selfpowered,
wireless networks highly desirable. Electromechanical models relgnoput deformations to
the output charges produced are necessary for achieving system efficiencies that approach the high
coupling factors piezoelectric materiale defined by.

For a bimorph structure under actuatisauch as the transducer in figur2, a voltage is

applied across the top surface of the upper piezoelectric layer where it is connected in series to a
terminal on the bottom surface of the lowezzuielectric layer. For modeling purpssthe steel
substrate is considered a perfect condudtbe. poling directions of the layers are away from the

substrate, denoting a bending mode deformation of the bimorph; however, the highest piezoelectric



coupling is in the thickness direction, giving evidence that thickness mode deformations dominate

the displacement of the structufidis notion is furher tested and proven in chapser

Actuation of the bimorph with an alternating current signal producesaltating deformation
capable of reaching high magnitudes of accelerationtdeienigh operating frequencieShe
transducer in figurd.2 excites the central unconstrained portion of the substrate, allowing for
resonance of thactuatorand plate to fuher increase the output acceleration this transducer is
capable of, as compared to a bimorph oAlknowledge gap regarding modeling was found for
systems with poling and forcing along the same axis, using the distributed parameter approach.
These systemare oftermodeled using lumped parametdrsyever this method does not allow
for accurate analysis of design changes with regardsanrulabimorph structureThe majority
of distributed parameter models assume bending is the dominant deforfatidh Thereis a
need for distributed parameter analytical models of piezoelectric transducers where
electromechanical coupling is along the same axis and bending is not a dominant deformat
This thesiswill fill this gap in knowledge by providing a straightforward approach for distributed
parameter modeling ofnaannularbimorph operating in the 3@ode of piezoelectricityThe
developed models will be connected to the drying rate offak®ics in contact with ultrasonic

vibrations.

1.2.2Liquid atomization

Atomization is the process of a bulk liquid being excited with sufficient intensity that
smaller diameter droplets are ejected from its surface. The physics of droplet ejection has been

shown to be predominantly governed by feegface breakup due the ertled lengths of capillary



waves forming on the liquids surfafd®?]. Figurel.5is an exampl®f this process, where we see
the liquid initially take on the radial mode shapes the plate exhibits, before a mist is ejected from
the bulk liquid, evident by the decrease in liquid volume over the transducers surface.

The formation of capillary waves dhe bulk liquid has been robustly related to the driving
frequency and amplitude of the faraday excitatioBsveral studies concluded the critical

accelerationa_, needed for atomization of lewiscosity fluids such as water cae defined as
a°cws pn=”® (1.1)
where s is the surface tensior;; is the fluid densityw is the radial excitation frequency given

in rad-st, andc is a constant coefficient. The constahiad been found experimentally to be 0.261
or 4, depending on the definition of the atomization event, either when it first occurs offt2ases
13]. The diameter of the ejected droplet when this critical acceleration is achieved has been shown

to be approximately one third of the wavelengthhef driving frequency, given §$4]

Figure 1.5. (a) Excitation of a liquid by the transducer, tmization,
and(b) during atomization.



o 13
D= 0.34%?%9 8 . (1.2)

This result also gives insight into the forces at play during-dteéace breakup. The
capillary wave peak forming a bulbous tip will have sufficient momentum at the critical
acceleration to overecoe the surface tension holding the wave togeffar.such small droplets,
inertia is not typically a large force, but for the critical acceleration to be achieved the time scale
of oscillation is small enough for inertia to darge factor in droplet ejéion. The distribution of
droplet sizes is very consistent, and follows a near normal distribution around an average droplet

diameter, commonly in the micrometer rangg-17].

1.2.3Direct contact ultrasonic drying

The acceleration imparted from the vibratiapplied to a bulk liquid iscapable of
atomizing liquids itis in contact with when the forcing is largaough as given byquation(1.1).
The oscillatory force applied @bulk liquidis proportional to the mass thfe hemisphere droplet

formed m, the vibration amplitudeA , and the frequency of operatiow , given as
F, ~ mAW . (1.3)
For a droplet not retained by a fabric, its mass can be Writt?]{g,ad’3 + where the drops density

is r , and thediameterd . The oscillatory force must overcortiee dropletsurface tension only.

This surface tension is dependent on the contact angle the liquid makes with thingidtee,

theforceit appliesis written as

F,~s mcoy X (1.4)
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where s is the liquids surface tension coefficient apds the contact angl&.here exists a ratio
of the applied oscillatory force to the surface tension force, which must be overcome for

atomeation to occur, given g8]

F, d7AW

F, 12scof g

S

(1.5)

For values of R larger than unity, the applied force is larger than the surface tension, and the
capillary waves appearing on the surface of the droplet extend to a critical length where the tips
break off as a mist.

The same physics occur when watereigined within a fabric. The significant difference
being that a fabric has a distribution of pore sizes between its thtkad=ore varying sizes of
droplets areetained in the fabric. e acceleration imparted to a wet fabric will atomize the &rge
droplets retained first, as the forcing ratio R is largest, followed by smaller and smaller droplets
until a limit is reached. At this limit, temperature increases due to the heating of the piezoelectric
as well as friction due to the motion of the @mte results in thermal evaporation of the smallest
droplets.

These two regions of drying, the atomization and thermal regions, are nonlinear and linear
respectively{18]. The nonlinear region, being a decreasing exponential rate of water loss, is due
to the limited supply of water for which the forcing ratio is greater than unity. The drops with the
largest ratio are atomized firsand the slowly decreasing rate is indicative of the suppbyolf
drops disappearing.hE latter constant rate of water loss until the fabric is dry is indicative of
evaporative drying. For the atomized water, microchannels within the plate helpgpotrta

moisture away from the fabric, greatly facilitating the efficiency of direct contact ultrasonic drying.
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1.2.4 Microchannelflow

Microchannels are narrow tubes less than 1mm in diameter which exhibit many enhanced
fluid properties such as volumedw rate and heat transfefhese structures have received an
increase in attention over the years due to increases in microfabrication capabilities as well as
measiring techniques for such smaltale system3a.he transducer in this investigation utilizes
array of microchannels for transporting of water from the fabric to the air beneath the transducer.

These structures are tapered, having an inlet diameter of approximataty a0d an outlet of 10
mm, which helps to increase the velocity gradient leading to increase volume flowlmattieis.

section we will analyze the microchannel flows for the oscillating plate in an attempt to bridge
the velocity of the oscillation to the mass flow rate of the nbafor optimization purpose$he

physics associated with droplet ejection will be investigated to identify the needs of future work.

1.3 Researchoverview

In this investigation, we will apply experimental, computer aided, and theoretical concepts
for the prediction, quantification, and analysis of the physics of direct contact ultrasonic clothes
drying. By using three methods of verification, a robust model can be developed which can be
depended on for further developments, helping to decrease theofcgsbtotyping and
manufacturingThe multiple physics involved in ultrasonic drying requires a wide range of tools

for analysis and prediction.

Chapter 2 of this dissertation covers treebmechanical modeling of the transducer used
in ultrasonic dryig. Both analytical and finite element models of the transducer are developed,

where validation is done by comparisons to experimental measureffieistsection will focus
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on an indepth development of an analytiegjuationpredictng the transducers motion as a result

of an applied voltage and dependent on mounting conditions, geometry, and material properties of
the systemH a mi | griociplé is used for the analytical modeling in this section. Finite element
modeling is achievechtough COMSOL Multiphysics, where all parts of the analytical model are

confirmed prior to experimentation.

Chapter 3 will discuss the drying characteristics of fabrics actuated by ultrasonic vibrations
from the previously mentioned transducéne physis of atomization will be discussed further,
and the forcing principles discussed previously applied to the imparted acceleration to a bulk liquid
from a vibrating source. Then, the various drying regimes of fabrics in contact with ultrasonic
vibrations isdiscussed and linked to the previous principleisally, a model describing the
regimes of drying will be proposed by utilizing empirical evidenBediscussion on the

electromechanical modeling of the system and its effect on drying will finish thisrsect

Chapter 4 will focus on the microchannels within the plate which facilitate liquid ejection.
This section will utilize support from computational fluid dynamics via COMSOL Multiphysics.
Relying on computer aided models is necessary as experimentalqguees for a short open
microchannel are difficult, and tbeauthors knowledge no such experiments have been conducted
in the frequency range of the operating point for the transducer in this investigation (~100kHz).
The results will be a discussion afterations to the microchannel which may increase the mass

flow rate of the system.

Chapter 5 is an experimental investigation into alternative drying configurations based on
the lessons learned in the previous sections. Computer aided models will confirm observations and
hypothesis as we attempt to scale the drying system to a largectcarealt is this Sctiorts

goal b test the idea that fewer higlower transducers actuating a larger strucanemore
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efficient than many transducers with a smaller surface @hteadesign simplification that comes
with the switch to fewer transdars is the driving force behind this investigation. Alternative dryer
configurations will be proposed which can take advantage of the large area atomization this section

aims to prove feasible.
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Chapter 2

Electroelastic investigation of drying rate in the direct contact
ultrasonic fabric dewatering process

Abstract

Ultrasonic vibrations, used to atomize liquids into a fine mist, are a promising solution for
the future of efficient cfisoultrsens drgsd demangiratede c h n o |
by researchers at Oak Ridge National Labor@myccessfully applies the scientific principles
behind ultrasonic drying, and several working prototypes have been demonstrated. This
technology is based on direct mechahicoupling between mesh piezoelectric transducers and
wet fabric. During the atomization process, vertical oscillations of a contained liquid, called
Faraday excitations, result in the formation of standing waves on the liquid surface. At increasing
amplt udes and frequencies of oscillation, wav e
connecting small secondary droplets to the bulk liquid. When the oscillation reaches an
acceleration threshold, the droplet momentum is sufficient to break the surfaca tdrik® neck
and enable the droplets to travel away from the liquid. In this work, we investigate the atomization
process using an ultrasonic transducer as it pertains to moisture retained within a fabric. An
experimentally validated electromechanical lgti@al-numerical model is proposed. This model
bridges the vibrations of a piezoelectric mesh transducer to the critical acceleration needed for
fabric drying to occur. Then, the drying rate model is developed, consisting of an initial nonlinear
region de to atomization, followed by a linear thermal evaporation region. The models developed
identify the influence of key parameters on ultrasonic drying and will aid in improving atomizer

design for efficient, timely fabric drying. This study is the firstgmeed model for the ultrasonic
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atomization of fabrics saturated with water, applicable to any type of transducer. The results
present a nodimensionalequationfor the ultrasonic dewatering of fabrics, dependent only on
transducer acceleration and thefsce area of the cloth. The development of this technology using
the proposed physical models will allow for global reductions in electrical demand related to

clothes drying.

2.1. Introduction

As climate change and sustainability concerns push the energy market toward renewable
electrical production, the energy efficiency of common products is often overlooked. As important
as it is to efficiently produce energy, it is just as necessary teeetiizcconsume it. One innovation
tackling this very challenge is the ultrasonic clothes dryer. Modern drying technology is heavily
reliant on electrical resistance heat generation to thermally evaporate moisture. In the United
States, this process can aont for 10 15% of annual residential electricity use; and in European
countries it may be as much as 26% (the European percentage is higher only because the data
source is more recenfl]. Although improvements in electric resistance dryer design such as
control systems and heat exchangers can increase efficiency by upwards of 10%, the high latent
heat of the vaporization of water is the limiting factor of this teéyy[2, 3]. The next generation
of drying technology must turn to new principles of moisture extraction for substantial
improvements to be made. Thisesisintroduces a novel solution for characterizing the key
parameters in the ultrasonic drying procebat twill contribute to advancements in the
development of energy efficient direct contact ultrasonic dryers.

Researchers at Oak Ridge National Laboratory turned to mechanical vibrations for

extracting moisture from clothes and, in 2016, produced thelwibod f i r st bencht op
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[4,5]. The dryerds novelty came from the use of
titanatg to apply direct vibrations to an article of fabric for moisture removal, bypassing the latent
heat of vaporization. Through mechanical removal, water leaves the fabric as a cold mist of water
droplets. The lack of heating or evaporation involved makes glocess extremely energy
efficient. Performance evaluations of this technology have shown an order of magnitude decrease
in energy consumption compared with a typical electric resistance dryer, and five times lower than
the latent heat of vaporizatiohwater contents greater than 208h This performance gain using
ultrasonic tehnology is immense, especially when considering a 2013 study concluding that heat
pump dryer technology was, at the time, the most energy efficient as it consumed 40% less energy
than standard dryerf/]. Comparisons of various drying technology affirms the need for
development of direct contact ultrasoniyidg. Thischaptercontributes an kdepth analysis of

fabric drying trends when exposed to ultrasonic vibrations that will further improve upon the
already drastic increase in clothes drying energy efficiency for this new technology. Although the
invention of the directtontact ultrasonic dryer is historic, the concept of using-cmwnact
ultrasonic pressure waves for drying is not.

The first observations of ultrasonic atomization came in 1927 by W. R. Wood and A. L.
Loomis[8]. The pair reported a dense fog forming when drops of oil were placed on a vibrating
piezoelectric transduceg&oliner made several accurate predictions regarding this process, most
notably hypothesizing the importance of cavitati® 10] Further experiments by Sdliner
revealed the nenontact drying capabilities of ultrasonic transducers. While studying the effects
of ultrasonics on dilatancy, he discovered that moisture is removed from wet sand when it is
exposed to nowgontact vibrations for a long period of tinjgl]. This was the first, albeit

inadvertent, observation of naontact ultrasonic drying.
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Decades later, this technology was revitalized after experiments revealed the relationship
between driving frequency and capillary waves for contained liquids exposed to Faraday
excitations. Lang concluded that capillary wavesillase at half the driving frequency and,
through the use of the Kelvaquatiorfor the wavelengths of capillary waves, the length scale can
be accurately calculatdd?]. Moreover, Lang found that droplets produced during atomization
were approximately orghird of this wave length. This result proved to be valuable for many
industries for which creating a spray with consistent particle dsinas is beneficial, such as ik
jet printing, spray coating, and nebulizers. The method of predicting atomization characteristics
due to the presence of capillary waves became known as capillary wave[@hd&yl14]

Because of industry interest in atomization technology for sprays, capillary wave theory
was favored i n many st udi e[85-21] cConseguentlyy ghe L an g €
mechanisms of free surface breakup of a liquid drop excited by ultrasonic vibrations were studied
in degh. Capillary wave theory predicts atomization on the basis of several types of liquid
instability, such as Rayleigh, Taylor, and Faradaly16, 1824]. The theory is commonly defined
as follows: Faraday excitation, or the vertical oscillation of a liquid, produces standing waves that
form on the liquid surface. At sufficient intensities, the wave peaks extend, forming a jet of water.
At critical lengths of the jet, a bulbous tip is ieed as a result of necking of the liquid column
[18, 19, 21, 23, 24]Instability of the jet may eject this bulbous tip away from the bulk liquid, if
its momentum is able to overcome capillary fol[dé. It is also possible for the drop to be ejected,
but with a velocity toward the bulk liquid, or even for several drops to be emitted from the jet at
once[18]. The conditions necessary for free surface atomization are dependent on excitation

frequency and surface tension for lswgcosity fluids,and on frequency and viscosity for high
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viscosity fluids[15]. Several studies concluded the critical acceleratipmeeded for atomization

of low-viscosty fluids can be defined as

a°c@?®s nv, (2.1)

where s is the surface tensior; ; is the fluid density,s is the radial excitation frequency given

inrad-st, andc is a constant coefficient. The constahiad been found experimentally to be 0.261
or 4, depending on the definition of the atomization event, either when it first occurs orftBases
18]. While this result proved useful for industry, capillary wave theory could not fully explain the
atomization process.

Advancements in technologjlab wed f or S°l Il nerds observatii
[14, 25] Commonly known as cavitation theory, the conjecture was that shocks propagating from
the source of excitation form cavitation bubbles within the liquid. The implosion of these bubbles
releasegelatively massive amounts of energy capable of ejecting droplets. The observation of
ejected droplets either small in mass with high velocity, or large with low velatityas well
explained by the presence of cavitation, as capillary wave theory suggestow distribution
around a single drop diametg, 14]. Possibly the soundest evidence of cavitation was found
when an aqueous solution of potassium iodide was atomized. The rapid temperature and pressure
changes associated with cavitation are a catalyst for chemical reactions. It was found that the
solutiondecomposed when placed on the active atomizer, suggesting that the energy produced
from cavitation is present and actively liberating the iodine from the comgda&dhd

Because of strong evidence of cavitation occurring, coupled with the accuracy et dropl
prediction via capillary wave theory, the explanation of atomization is commonly a combination

of both theories. One study attempted to analytically model capillary waves as a result of cavitation
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and found threshold relationships similar to those ind@Biolge et al. (1994)16, 26] However, to
the authorso6é6 knowl edge, no mo d eted the @tanpziatiom g t h €
process.

The instabilities leading to droplet atomization have been used for the purpose of de
wetting fabrics. Pores of void space between threads are occupied by liquid droplets. The
application of ultrasonic vibrations oscillatig® entire fabric, resulting in the atomization of these
retained droplets, according to the mechanics of capillary wave theory and cavitation theory. The
resulting smaller ejected droplets are able to escape the large pores, and momentum carries them
awayfrom the fabric. This process continues until the remaining moisture occupies the smallest
pores available, within which the increased surface tension due to the decrease in drop diameter is
larger than the excitation force. From this point, fabric vibret create friction, which imparts
thermal energy to the moisture, eventually leading to evaporation.

Preliminary studies of ultrasonic drying have identified several important design
considerations, the most important of which is the selection of mydarttype of atomizer. When
a solid piezoelectric transducer is used, the atomized mist is ejected upward, and some moisture
falls back into the fabric. Similarly, a layer of mist may form between the fabric and transducer
surface, temporarily eliminatjnthe contact that is necessary for optimal dr{#h@]. It was found
that atomizers typically used in nebulizers perform the best. The key characteristic of these devices
is micrometerscale holes lasarut into the mesliike transducer. When vibrating, these holes
produce a pressure difference that actively transports moisture through the vibrating mesh and
ejects mist away from the transducer. The ability to transport moisture far away from the fabric
decreases the time it takes to dry. Furthermore, the drying tr@nfédbfics exposed to ultrasonic

drying have been shown to exhibit an initial nonlinear region followed by a linear drying region
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[4]. This finding is the basis of the model proposed in this research. The initial nonlinear region is
where the immense performance gain in ultrasonic fabric drying occurs.

The knowledge gap in current ultrasonic drying technologies centers on a faokielfng
techniques. While modern electric resistance dryers and even newly demonstrated thermoelectric
dryers have well developed therataupled model$27-30], the lack of attention towards the
mechanics of atomization limits the ability to predict direct contact ultrasonic drying performance.
Specifically, the dewatering phemenon as a result of direct contact ultrasonic vibrations with
wet textiles has received little attention prior to its first investigation in 2016]. These studies
identified the rate of water loss and temperature changes in a wet fabric due to ultrasonic
vibrations,but did not attempt to model the trends discovered. Consequently, there are no accurate
methods for predicting the magnitude of energy savings using this technology. It is for this reason
the development of an experimentallglidateddrying rate model agpling the piezoelectric
atomizer performance with moisture removal is necessary. The originality of the proposed
techniques for ultrasonic drying rate analysis will provide a foundation for accurate energy
consumption predictions.

In this study, for thdirst time, we investigate the atomization process of water suspended
in a fabric for the development of the ultrasonic clothes dryer. Specifically, we investigate
electroelastic dynamic actuation of a piezoelectric transducer and the drying rate of fabric
actuated by the mesh atomizer in the ultrasonic fabric dewatering process (i.e the elastic response
due to an applied electrical stimuli, and its influence on drying). Section 2 begins with the
derivation of an analytical model for vibration analysisdiilly clamped piezoelectric atomizer,
used in combination with electroelastic numerical models. A multiphysics axisymmetric finite

element model (FEM) created for predicting acceleration is compared against the analytical model
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and experimental data. Filty in this section, observations of the ultrasonic fabric drying process

are discussed and the first drying rate model for wet fabrics exposed to ultrasonic vibrations is
proposed. Section 3 discusses the detailed experimental methods used for daiancafid the

obtained experimentally validated modeling results. -AirfBensional (3D) FEM is used for
simulating complex boundary conditions. Next, the results of experiments and simulations of the
models, as well as the process for identifying valugkeotoefficients used in a proposed drying

rate model, are discussed. These coefficients are related to the average transducer acceleration,
creating a truly global relationship for predicting the drying rate of fabrics exposed to ultrasonic

vibrations. Caclusions are summarized in Section 4.

2.2. Theory

2.2.1. Vibration analysis of a fully clamped piezoelectric atomizer;
combined electroelastic analytical and numerical modeling

Schematics of thE100symmetric piezoelectric atomizer used in experiments are shown
in figure2.1. The coordinate directions ¢, andz are coincident with the 1, 2, and 3 piezoelectric
directions, regectively. The atomizer was composed of annular piezoelectric rings adhered to th
top and bottom of a stainlesseel plate and oppositely poled in the thickness direction (operating

in the 33mode of piezoelectricity). An electrode was bonded to thesgeurface of each PZT

~
Y

P j PZT
ro | A PZT

. w! h
ax1sof/l : A
symmetry | )

Figure 2.1. Schematic representation of an atomizer with annular
piezoelectric rings adhered to the top and bottom of a staistieskplate.
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layer and was connected in series. The PZT rings had thickpes®l spans distanag, while
the stainlessteel plate thickness wag and spanned across botrandr .

The PZT layers weractuated by a harmonic voltage input, resulting in thickness directi
displacements. The stainlest®el substrate then experienced harmonic excitation from those

displacements over the rangg, where it was effectively constrashen the upper and lower

surfaces. Because of these constraints, the forcing on the substrate was assumed to be uniform over

r,; this allowed a base excitation term to be applied-at,. The constraints on theibstrate at
r =r, were approximated by clamped boundary conditions. The vibration of this clamped circular

plate wunder axi al base excitation was analy:
radius/thickness ratio was large, aiehations were assumed to be small, and the structure was
assumed to show linear material beha{&ir.

The governing ditributed parameter partial differentiaiquationfor a damped circular plate

is given a431, 32}

Diu4wrelgr’t)+g ﬁvvrel(r’t) _1 2\mrel(r’t) _-|]; \er’tl(r’t) @:C_}_WreI([’t)

c W r e 2 rh or® oroup 2% ¢t u 22)
Cs U mrel(r’t) + ,.shs 2erel(rit) - _,.shs 2VVCl(t)
it tf th

where W

rel

is the relative displacement of the plate due to the base excitation, defined as
w, (t) =W, ", with W, being the amplitude of excitation. The plate flexural rigidity is given as
D=Eh’/12@ n*))where its Youngds modHhbhus, respedivelPoi ss o0

The mass density is denoted by thickness by, and the subscriptssandp denote the steel and
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piezoelectric layers, respectively. Viscous and structural damping coefficients are represented by
C,, andc, in equation(2.2).

Therefore,equation(2.2) represents the distributed parameter elastic mddeleocircular
plate in the transducer, and thesgiatios can be solved using modal analysis.

To find characteristics of the transducer such as eigenvalues, mode shapes, and modal
frequencies, we solved the partial differenggluationgoverning the ugamped free vibration

EOM for a circular plate clamped about its circumference, giv¢alds
DB*w,, (r,t) +rsh5% 0. (2.3)
Based on standard modal analysis, the relative transverse displacement can be represented as
Wt D=E7,0) 40 24)

where 7, (r) is the massiormalized eigenfunction, and, (t) is the time response in a modal

coordinate for the th vibration modd31]. The spatial EOM became
D, (1) - {* .6) 8, (2.5)

with/ representing t he snhyibragionénede.ei genval ue in t

The solution teequation(2.5) is a general shape function giver{ 2|
fn(r)zcln‘:lo( Ar) -CZnYO( nt) e3n|0( nry C_L:nK({ rr) ! (26)

where J, andY, are the Besselihctions of the first and second kind, respectively, gn&k, are

the modified Bessel functions of the first and second kind, respectively. Here the constants
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,C,,and / depend on boundary conditionSor a clampeadge plate, the boundary

conditions are given as

W (rt), =0 and w =(, @2.7)

S

To avoid infinite values foly,, and K, the constastC,, andC,, must be zero because

the Bessel functions of the second kind become infinite=ab. Then, applying the boundary
conditions intoequation(2.6) andusing the known relations of Bessel functi¢8$], the mode

shapes were found to be
£ =EL[ 30 N1 1) Tol 11 DY (28)
and we found the characteriséquatiornto be[31]
lo(/r)I L £)-I,( Dl (rYy D. (2.9)
The roots ofequation(2.9) provided the eigenvalues, which in turn yielded the natural

frequencies of the system ag= £(D/ h)">.

The characteristics given by the previous undamped free vibration analysis were then used

for the case of the damped forced vibratiortied plate. The modal amplitude constat in

equation(2.8) must be evaluated for analysis of the damped EOM. This was done by normalizing

the eigenfunction according to the orthogonality conditions, given as

I's

fRor . fYdr=1  Fp® (far =2, (2.10)

0

The resulting modal amplitude constant was found t[32e34]
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E = Ot (2.11)

Zpéhs;”T[Jo( ANoC A= IoC ¥ ol RO ol 1) ol Tad 34 1) o ¥ )Ir

By following the modal analysis procedyB#], the damped partial differential EOM can

be reduced to an infinite set of partial differenégliatiors, given a$34]

%WH W L) EQ . (2.12)

The damping ratioz,, was found for each modal frequency by analyzing empirical data
with the half power methof84]. The modal forcing,f, (t)is given as
é 2 fs
0= rhag D fur . (2.13)
0

2
gdt

The distributed parametezquationfor a thinplate transducer is given in physical

coordinatesn equation(2.2) and in modal coordinateseéguation(2.12). If the base excitation of

the plate is assumed to be harmonic in the fospit) =W, €" (where the amplitude of the

excitation isw, and j =./ 1 is the unit imaginary number), and assuming linear oscillations, the

steadystate expression for the modal respoisét) , is expressed as
h, @) =A™, (2.14)

Substitutingequation(2.14) and(2.13) intoequation(2.12) and cancelling terms, we find
the expression for the complex amplitudg,. This information can then be used wattpuation

(2.4) to derive the function for displacement at any point on the plate sukfanee theclosed

form steadystate expression for the transverse deflection of the plate is given as
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2p th. W ;’]r (f)dr

Wrel(r’t):afn(r) M/2 Vﬁ' 'Qj g Wol/:/m ' (215)

Taking the derivative okquation(2.15) twice with respect to time, the transverse
acceleration of the plate at tgeometric center, being the location of maximum acceleration for

this axisymmetric system, was found to be
2p th nr J(f)dr
" 2.16
wo- W 42] z ww (216)

n

@

|a(0!t)| = a -fn (Ol
n=1

Equation(2.16) can be used for a circular plate, clamped and harmonically excited about its
circumference for which classical plate theory is applicable.

The final step of the model was to choose an appropriate vali, fothe magnitude of
base excitation, and far,, the modal dampindBoth the base excitation and damping terms were

found through experimental data. The magnitude of base excitation velocity, for a harmonic
voltage input to the transducer, was measuné a laser vibrometer; and the damping was found

via the halfpower methodi35, 36] Both were applied tequation(2.16) for each modal frequency
range of (W, + W,)/2 <w & w /2.

To verify the analytical expression, we turned to the finite element software COMSOL
Multiphysics, using he combined Structural Mechaniand electrostatic modules. This
electromechanically coupled numerical model is an equivalent representatimuref2.1 in

which an AC voltage actuates the piezoelectric rings. Similar to the analytical model, it imposes
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an axisymmetric response by solving a 2D model of the atomizer cross section with the bottom
surface of the lower PZT fixed from displacement, dencduhigesion to a fixture.
For a thin, thicknespoled piezoceramic plate, the linear piezoelectric constitutive

equatiors are[37-41]
S,=%T +d,E, (217)
D, =d,,T, +«LE., (2.18)

where S, is the strainT, is the stresspD, is the electric displacement, afqg is the electric field.
The elastic comjdnce at constant electric field is denotedshy( i nver se of Youngods

the strain constant by.,, and the permittivity at constant stress &Y. These parameters are

known formany piezoelectric materials, and the corresponding values are input into the material
properties of the COMSOL simulation.

To ensure the FEM is accurate, an appropriate choice of element is vital. The default
element shape is a tetrahedral, which wilubed throughout the modeling process. Parameters of
the elements that we are interested in testing are the order of the solution used to analyze the
elements and the number of nodal points solved for each. Two orders of solution were tested, a
guadratic ad cubic solution; and two types of nodal configurations were examined, Lagrange and
Serendipity. A Lagrange element has nodes along its exterior as well as its interior, whereas
Serendipity elements have nodes only on their surfaces. Thus, Serendipigntsieequire less
computation time than Lagrange elements. Four combinations of these parameter considerations
were simulated and evaluated by the convergence of the predicted acceleration output. It was found
that there were no deviations in responsevbet Lagrange and Serendipity elements; therefore,

Serendipity was chosen as the default nodal structure to decrease the computation time. Moreover,
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an assumed cubic solution achieved convergence with a much coarser mesh than did the quadratic
elements. Ahough the computation time for a cubic solution was longer per element, the drastic
decrease in the total number of elements allowed for a more efficient simulation. Therefore, the
element type chosen was a cubic Serendipity element ~1/8 mm in lengtiesthig transverse
acceleration of the transducer, as well as mode shapes and modal frequencies, were in strong

agreement between both analytical and numerical models, as will be shown in Section 3.

2.2.2 Ultrasonic fabric drying model

Figure 22 shows several key moments in the ultrasonic fabric drying process. Figare 2
reveals the fixture that provides a boundary condition exhibiting the highest measured output
acceleration (Appendix A). At this time stei= 0 ) 100 €L of twwthefabric i s be
via a micro pipette. Immediately after actuation, the excess liquid that is not retained by the fabric
coalesces with neighboring drops and is vigorously excitgdré 22b). Following quickly is the
rapid atomization of these groups of etevident by the decrease in size of the coalesced drops
from figure 22b to 22c, as well as by mist being projected upward from the fabric. Moments later,
the only liquid remaining on the atomizer is trapped within the fabric, and the drying process
resembledigure 22d until all moisture is removed.

It can also be seen betwefggure 22b and 22c that the location of the cloth shifts slightly
to the left. This shift is due to a layer of mist created by the sudden atomization, and it helps to
temporaily separate the cloth from contact with the atomizer. The reduction in friction from loss
of contact can shift the fabric by several millimeters. This movement is important, as the region
containing the lasecut liquid transport holes covers less thd®@2of the total surface area;

therefore, any displacement can move the fabric away from the locations of increased moisture
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Figure 2.2. Snapshots of the ultrasonic fabric drying experiment process.

removal, causing the drying process to increaskimtion. This is thought to be the main reason

for differences in measured fabric weights between trials.

From this process, we can make two observations: (1) ultrasonic atomization begins with
a rapid loss of the water not retained by the fabric, andr{#)g is more gradual following rapid
atomization, as the availability of moisture decreases. These observations can also be well
explained by relating the ratio between the surface tension forces and the excitation force. The
threshold for atomizationegphends on the oscillating force that overcomes the surface tension.
When this threshold is met, the liquid vapor boundary of the drop is broken and a mist is ejected.

This can be quantified as a rati),of the two forces, expressed[éf

d?r.a
R-Do 978 (2.19)
F. 12s cos ¢

where F, and F, are the magnitudes of the oscillation force and surface tension force,

respectively;d is the drop diametera is the applied acceleration (given équation(2.16) for
fully clamped boundary conditions); arfd is the contact angle formed between the drop and a

solid suppor{6]. The minimum value of applied acceleration needed for atomization to occur is
provided byequation(2.1). The surface tension decreases for larger drops; therefore, the coalesced
liquid is first overcome by the oscillation, and atomization is realized almost instantly.

Subsequently, moisture trapped in the larger pores is atomized until the remaining droplets are
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small enough that their surface tensions are stronger than the excitation forcehi&ipemt is
reached, thermal effects dominate, and the oscillation energy transferred through friction raises the
temperature of the remaining moisture until evaporation occurs.

These two regions of dryidgan initial rapid atomization of water followdxy a gradual
los®d have been denoted as nonlinear and linear regions, respectively. Moreover, studies have
shown that there is a sharp transition between these two rdgiodls The effects of changing
acceleration while the atomization threshold is met are of the upmbestst in considering power
efficiency; therefore, a model that relates changes in applied acceleration to changes in drying time
iS necessary to improve atomizer design.

The proposed fabric drying model consists of an exponential loss of water répgeten
nonlinear region, followed by a linear decrease in moisture content, expressed as

M) =(My, © (M, Ge¥

g0<t ¢
i |V|| ) Mdry NL
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where M (t) is the instantaneous mass of the fabric and any moisture it relijgsis the bone

dry mass of the fabricM_,, is the amount of water required to saturate the fakwiés the limit

sat

of moisture content following the nonlinear regio;is the nonlineadrying rate;k is the linear

drying ratejt, t, , t,, andt,, are the current time, duration of the nonlinear region, duration of

dry
the linear region, and totahte to dry, respectively.

The model itself expresses important characteristics of the ultrasonic fabric drying process.
The limit of moisture removal in the nonlinear region, denote@, as necessary, as atomization
occurs only for drops for which therting ratioR is greater than unity. The fabric pores vary in
size, but it can be assumed there is some Gaussian distribution of pore sizes. T@dHenit
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pertains to the water trapped in the smallest pore sizes where the surface tension is hggher; thu
drop bursting does not occur.

Another characteristic is the sharp transition between the two regions. The model implies
that the duration of the nonlinear region is constant at a given input acceleration, which has been
observed to be true for the ubanic drying of various fabric types at constant acceleration [2, 10].
This hypothesis is tested by changing the actuation voltage and cloth size as described in Section
2.3. All further discussion of actuation voltage will be in reference to the-fmepéak value.

For each magnitude of applied voltage tested, the empirical data adenmemsionalized
by dividing the measured mass by the bdng mass of the fabric, and dividing the time by the
total time it takes to dry said fabric. Next, the rstimengonal version okquation(2.20) is fitted
to the empirical data. The value of each parameter for the fitted curve will then be plotted against
its corresponding applied acceleration for the trial, as each voltage input has a particular output
accelerationThe regressions of these plots yield a relationship for each of the model parameters
with the applied acceleration, from which the regressions are substitutesjirabon(2.21) and

a global model for the drying rate of fabrics exposed to a givenesatieh is found.

2.3.Results anddiscussion

2.3.1. Electromechanical analysis of a piezoelectric atomizer

Experiments were conducted for the investigation of two concepts: (1) identifying
characteristics of the vibration of an ultrasonic atomizer for modal analysis and verification against
electroelastic modeling, and (2) analyzing drying rate trends of wet$aexposed to ultrasonic
vibrations. Bridging the results from these two concepts will provide a global electrodigstig

model for predicting the applied acceleration and the corresponding drying rate, which will be
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shown to be the only nematerid parameters of the drying process. In this way, any boundary
conditions of the atomizer or changes in dimensions can be simulated and an accurate estimate for
drying time can be found.

To begin, the detailed geometry of the atomizer must be found befodeling.
Microscopic images, using a Nikon Eclipse MA100 inverted microscope, were taken of the
transducer cross section, as well as a top and bottom view of a central logticen2(3 ¢ d2).
Figure2.3c shows the annul&ZT-5A rings adhered to thep and bottom of the stainlesteel
plate. Figure2.3 d1 and d2 show the array of lasett holes from a top and bottom view,
respectively. These holes are conical in shape, in that the hole tapers in diameter from
approxi mately 80 dates alp@sswendifferende between pegions above and
below the plate, actively forcing moisture through the plate thickness and away from the fabric,
where it can diffuse in the air. This design consideration greatly improves the moisture removal
capabilties of the atomizer compared with a solid state transducer with no such permggbility

The atomizer is vacuum bonded to the fixture shown to ensure uniform adhesion; this
bonding process is described in Anton et al. (2Q4R). The fixture is a rectangular aluminum
plate with a cemmal hole of 21 mm, and 7 mm screw holes located at the corners3d& and
square. The central hole allows for the atomizer to be supported about the bottom PZT ring surface,
whereas the stainlesseel plate is able to vibrate freely. A notch is creatbdre the terminal
leads would contact the fixture in order to isolate the flow of current.

To characterize fundamental properties of the transducer, an understanding of its response
to electrical stimuli was needed. For this, the frequersponse funain (FRF) of the atomizer
to an AC voltage input was found to identify modal frequencies. A sine wave was generated with

NI Signal Express and amplified with a Krehtite model 7500 amplifier before the transducer
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was actuated. The frequency of the sinevevevas increased from O to 200 kHz, covering the
manufacturereported resonance of 100 = 8 kHz. Reflective tape was placed at the center of the
transducer where a singb®int laser doppler viborometer (LDV; Polytec OFV 5000/505) measured
the velocity of acillation, from which the acceleration was calculated for the harmonic response
of the plate figure 2.3 a, b). Also measured was the FRF at various voltage amplitudes for the
same frequency sweep.

Next, a scanning LDV (Polytec PSV 2000) was used to mneasvode shapes, as well as
the acceleration at multiple points. Reflective tape Wasegal over the entire stainlesteel plate
surface area, a necessity to capture the increased density of sampling points over the area. An AC
input at fixed frequency @hamplitude actuated the atomizer, and the LDV measured the response
at multiple points consecutively. This process was repeated for several voltage amplitudes; in this
way, we were able to relate an input voltage to an output acceleration, effectivalypliteg the
electromechanical nature of the atomizer and providing a global parameter that can relate
dissimilar atomizers. The mode shapes were used to verify the analytical model and FEMs, and
the acceleration data will be vital for predicting the dryiatpgs of fabrics.

An impedance curve was created using an HP4192a impedance analyzer. Those curves
were used as a secondary verification for the modal frequencies found using LDVs. They also
provided the resistance of the transducer for a particular togecndition and will be used for

future comparisons of power efficiencies.
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Figure 2.3. (a) Single-point laser vibrometer for measuring vibration response of the
piezoelectric transducer (atomizeft)) atomizer adhered to fixturég) cross section ahe
at omi z er 6 s (dlgtapview of lasait hales at center of atomizer; &) bottom
view of lasercut holes.

For all the measurements discussed, seven different boundary conditiigar@r2.A1)
were tested; the results are shownigure 2.A2. This allowed us to choose the arrangement and
operating conditions that provide an acceleration that meets the atomization threshold and thus
gives the fastest drying rate. The influence of various boundary conditions can be viewed in
AppendixA.

Figure 2.4 shows the calculated acceleration at the center of the transducer for both the
analytical model and FEMs, along with the experimental measureridatsation regarding the
FEM can be found in Appendix @lso shownin figure 2.4is the cuve described bgquation
(2.1), which is the threshold needed for atomization. It can be seen that the modal frequencies

match nearly exactly, with only slight variations in amplitude and frequency between the solutions.

These results also prove that grsnetric boundary conditions and forcing yields an

37



10°
N,
El
g 10’
=
5
© ,
S RW Analyjucal
< ) . Experiment
107 E ——Finite Element]|:
——-Threshold ]
0 50 100 150 200

Frequency [kHz]

Figure 2.4. Experiment, analytical, and finite element simulation showing the acceleration at the
geometric center of the transducer.

axisymmetric response. The results are accurate for frequenciesl0p kHz, after which the
response of theéransducer is suspected to be nonlinear and thus cannot be captured by the
analytical model or FEMs, which assume linear@amparing the experimental and analytical
higher modes resonance frequencies showdhess3% error. The major source of inaccuracy is
unmolded effects (such as shear effects in the bonding layer) which can be manifested and
pronounced in a mode shagependent way.

Note where the FRFs intersect the threshold for atomization, at apprelyirh@d kHz.
This not only is within the manufacturegported range for operating frequencies that produce
atomization, but also matches observations of when atomization occurs for drops of water excited
at various frequencies. The agreement of the twdetsowvith experiment as well as observations

proves the accuracy of the modeling techniques described.
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Considering the breakdown in accuracy after 100 kHz, a new method of evaluating the
output acceleration was needed. Since we had proved the raodetately captured the response
of the atomizer, changes in the evaluation method pertained only to which parameters we were
measuring and did not represent any intrinsic changes to the model. To resolve the issue, we
compared the average acceleratiorr ¢lie stainlessteel plate found experimentally and with the
FEM. Appendix B provides a more detailed analysis of this change in method.

A 3D FEM was used for the boundary conditions seen in the fabric drying experiment
(figure 22a). Since the atomizeras no longer adhered to the fixture in an axisymmetric way, it
was not appropriate to assume the same response would exist. We use the symmetry of the
mounting condition to simplify the model. It can be seen that each quadrant of the fixture is
identical;furthermore, we could divide the quadrant in half and still use symmetry to maintain the
overall system properties. In this way, the model was reduced to 1/8 of its original size. A visual
representation of the model and boundary conditions is providBgurg2.5a. For each segment,
symmetric boundary conditions are set at the edges. The boundary conditidimedtion (inward

direction) are set as a combination of fixed, where the transducer is bonded to the base plate

w,, (r,t) =0, and free as shown figure 2.5a.

The simulation results were obtained for the trangvarseleration of the stainlesteel
plate area that makes contact with the fabric. The average acceleration was calculated from all the
nodal points laying on thisurface and integrated over the whole surface area.

As previously described, a scanning LDV measured the velocity at many sample points
over the plate area. The average acceleration was calculated from these measurements, as the
excitation was harmonidigure2.5b compares the experimental results with the 3D FEM. It can

be seen that the results match well; the two trends had a maximum difference of less than 6%. This
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Figure 2.5. (a) COMSOL 1/8" transducer model, bottom view, displaying complex lfzup
conditions and(b) experiment and finite element simulation showing average acceleration over

the region bounded by, of the plate at a 107 kHz operating frequency.

Symmetric boundary condition

informationis used in the next section to globalize the input variable for the system. Input voltage
to the transducer was originally the sole input to the models; howevenvbstigationpresents
a model that relates the applied voltage and output acceleratias, we can relate the drying

parameters of the system to the acceleration, following the description in the next section.

2.3.2. Ultrasonic drying rate analysis
Samples were cut from a Department of Energy standard test fabric, consisting of 50%
cotton and 50% polyestd@3]. The fabric was 0.40 mm thick and had an areal density of
190.9g/n?. Two different sizesfosamples were tested, cut roughly into circles weighing 10 and
25 mg. Of these two sizes, four samples of each weight were cut and used during the experiment.
The use of multiple fabrics reduced the number of cycles of wetting and drying each one
experiemed, helping to minimize fatigue and maintain fabric properties over the course of testing.
This was found to be useful, as threads loosen with wear, affecting the absorbency of the fabric.
Fabrics were dried in the same manner as described in previblicapans[4, 6]. Using

a micropipette, 100 €L of water was added to
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activated for a given time interval. At the end of the run time, the sample was moved to a
microbalance with tweezers and the total mass of the savagleveighed. Each time interval was
tested three times, from which the average weight of the sample was calculated. Following the
three tests, the time interval was increased and the process repeated. The intervals tested were 1,
2, 5, 20, 60, 120, 18048, and 300 seconds. After each test, the fabric was dried on a hot plate at
80°C to its dry mass.

Following the testing at all time intervals, a curve was assembled from the averages
calculated. Then, the actuation voltage was changed and the entesgirepeated. Peéd-peak
voltages tested ranged from 30 to 60 V in increments of 5 V. As previously mentioned, the
acceleration output has been measured at various voltages. This allowed for the comparison of
drying rate curves as a function of acceliera a global variable, rather than of volté@géhe
influence of which is subjective, depending o
water was more than the fabric could retain; thus, some water remained on the atomizer outside
the confinesof the fabric pores. The initial oversaturation of the fabric was addressed in the

proposed fabric model.
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Figure 2.6. Experimental and model drying rates at 30, 45, and 60 V input voltage for
(a) 10 mg, andb) 25 mg cloth size.
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The dimensional dryingurves measured are showrfigure2.6. The profound influence
of applied acceleration (applied voltage is used as a proxy for acceleration) on fabric drying can
immediately be seen. Furthermore, the accuracy of the proposed fabric drying eouddipon
(2.20), is easily seen. The saturation limit of each cloth is roughly four times itsdbpmesight.

Most often, clothes being dried are not fully saturated; therefore, the starting mass would be lower
than shown irfigure 2.6 att=0. However, since theme it takes to remove moisture from the
saturation limit to approximately 20% of the limit is merely seconds, the model would still be
accurate, as the total time scale for drying clothes is much larger. The parameters of the model
were chosen with empaal evidence; it is necessary to do so, as no such model for the drying of
fabrics with ultrasonic vibrations has been proposed previously.

It was earlier hypothesized that ultrasonic fabric drying would be dependent only on the
applied acceleration amdaterial properties. To test this, we aimensionalized the fabric drying
model by dividing all terms expressing weight by the bdneweight of the fabric, and by
dividing the current time by the total time it takes to dry the fabric. Thus, the reediekd so
that the bar over the variablesaeguation(2.21) represents a parameter for the-danensional

drying curve.

M) =1 € (M, Ge"
o1 &0

N

1-1t,

[IVAN

t ¢,
N (2.21)
NL < 1

—

Ve

Figure2.7 compares these nalimensionalizeadurves; it plots together drying curves for
two differentsize fabrics exposed to the same average acceleration magnitudes. It can be seen that
similar drying trends occur irrespective of the cloth size. The duration of the nonlinear region

occurs for aanstant percentage of the total drying time, given a constant acceleration. Also, for a
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Figure 2.7. Normalized drying curves fqg) 60 V, (b) 45 V, and(c) 30 V actuation input
voltage.

given excitation, the limit of nonlinear moisture removal is astant multiple of the boréry
fabric weight.

Moving forward, we expressed the rdimensional fabric drying model coefficients as a
function of the applied acceleration. Figl#& compares these parameters against the average
excitation acceleration. kan be seen that the nonlinear drying rate and total drying time are
exponentially proportional to the applied acceleration, while the remaining parameters are linearly
related. A previous study also came to the same conclusion that the atomizatidrwatier ds
exponentially proportional to the applied voltdg2a].

Moreover, it was found thahe total drying time was dependent on the fabric area. This

result follows findings from studies investigating the thermal drying effects of fabrics of various
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materials and sizes, which have found that the drying time is dependent only on the isgialf ma
water. Since a larger piece of cloth can retain more water, and the thickness of the fabric remained
constant between testing periods, the changes in drying time can be related to the changes in area
[44, 45]

The nonlinear drying parameters are alsoelvelil to be dependent on the area of the fabric.
Evidence suggests each parameter is linearly related to area, however this study aimed to model
the influence of acceleration only, where the testing of two fabric sizes was to ensure the accuracy
of both daa collected and the resulting models. Twatiors proposed in this study will be
modified during future investigations to account for changes in area relative to the dimensions of
the piezoelectric transducer.

From the relationships shown Higure 2.8, key parameters of the process, such as
nonlinear drying limit and duration, can be expressed mathematically and related to observations
made during drying experiments. The resulting relationships are appliequition(2.22),
yielding the first ever on-dimensionakquatiorfor the ultrasonic drying of wet fabrics, dependent

only on applied acceleration and the surface area of the cloth, given as

M(’[):(l '61 ezaavg) (Msat CL' Qagvg) eXF{3_lé1.5f_§1 g ) t/g(Area)ié's 1063avg)k.

(2.22)

This equationrepresents the nonlinear region of drying. Note that tiog the linear
region is trivial, as the nedimensional drying curve must reach unity for both-damensional
time and normalized weight of the fabric. Because of differences in empirical data and the

regressions, the model has a maximum error of 20w voltages; but as acceleration increases,
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theerror decreases to less than 5%. The expression shows the dominance of acceleration over this
process and is thought to hold true regardless of the device applying the acceleration.

The type of fabric being dried will also be a factor when develogingtion (2.22). The
acceleration needed to atomize water is related to the size of the droplet being excited. Since
various fabrics have different distribution of pore sizes (the volume between threads) the amount
of water lost in the nonlinear region willsal be affected. It is believed that a correction factor
accounting for the limit of atomization in the nonlinear region will be sufficient for applying this

model to any type of fabric.

45



Equation(2.22) will serve to predict the mass of water loss fromfalbeic and the time it
takes to shed this quantity. Used in conjuncture with the known electrical actuation signal, the
drying efficiency is able to be calculated as a mass of water loss per watt of electrical input.
Moreover thisequationwill allow for the instantaneous flow rate of water out of the fabric to be
calculated by simply taking the time derivative. Analyzieguation(2.22) also allows for
identifying parameters which control the shedding of water in thdinear region of drying. By
maximizing the water lost in this phase, the duration of drying will be greatly decreased due to the

exponential relationship of water loss with output acceleration showigung 2.8a.

Conclusions

Although the feasibility of ultrasonic drying has been realized, the intricacies of the process
are still of great interest. Thihapteraims to analyze the physics of ultrasonic drying and proposes
a global model that bridges the ultrasound transducszlexation with the drying rates of wet
fabrics. An electroelastic numerical model was created for predicting output acceleration and was
verified against an experimentally validated analytical expression for an axisymmetric boundary
condition. The numeral model was then modified to incorporate the complex boundary
conditions used in benchtop drying tests and was shown to accurately predict average output
acceleration. The average acceleration was then shown to govern all aspects of direct contact
ultrasanic drying, allowing for the firsever unified expression of drying rate dependent only on
the transducer acceleration and contact area of the fabric. The development of ultrasonic drying
technology can be built on these results through design chantiesdevice supplying the input

acceleration.
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The resulting relationships between parameters of the drying rate model and accéleration
I.e., the exponential relationship between applied acceleration and nonlinear drying rate (analogous
to flow ratep yield interesting characteristics of direct contact ultrasonic drying. This result, as
well as the accuracy of predicting atomization using the critical acceleration threshold developed
for free surface atomization, helps to explain the influence that a wovea lfials on dewatering
phenomena.

From the known electrical input and its induced vibration response of the atomizer, and
using the calculated drying time duration for which it is applied via the proposed drying rate model,
will allow for the total energgonsumption as well as the mass of water removed to be predicted.
These two quantities allow for calculation of dryer performance as a metric of mass of water
removed per unit energy consumed, being the industry standard for calculating efficiency. This
agect of the study is novel, as no such global model capable of predicting ultrasonic drying
efficiency has been proposed in literaturais chapterprovides a foundation for improving the
directcontact dewatering process of textiles. From this study;augments in transducer design
may greatly advance ultrasonic drying technology and allow for the application of this novel

concept to a wide range of industries.

Appendix A: Influence of boundary conditions

The influence of mounting techniquesontleati zer 6 s out put accel er a
consideration, as they can improve performance without substantial design changes. These
techniques are essentially a measure of the <c
was initially hypothesied that more constraints imposed on the PZT would lead to larger

amplitudes of plate vibration. This is shown by fixture Higure 2.A1, which has a mounting
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plate on the upper and lower PZT rings. The inability of the upper PZT to be displaced in the
thickness direction because of the extra fixture is thought to ser forcing on the stainless

steel plate and, in turn, increase the displacement of the resonant modes. To test this hypothesis,
two methodswere used: (1) measuring the FRF of a centaht on the atomizer and (2)
performing an impedance analysis for each boundary condition.

The boundary conditions in figur2Al are all adhered at locations on the PZT where
contact is made with the fixture, with slight variations as follows: (Agattm on lower PZT, (B)
adhesion on upper and lower PZT, (C) one notch removed, (D) four notches removed, (E)
supported at four locations (inverse of D), (F) no fixture.

The results of an FRF for each boundary condition at constant voltage are shown in figure
2.A2. Previously, it was discovered that measuring the FRF at the center was an inaccurate way of
predicting performance (see Appendix B for details). However, fferelices in the amplitudes
of the responses for frequencies less than 100 kHz accurately indicate performance differences
when nonlinear influences are substantial. From fi@uA2, it can be seen that fixtures with the

least constraints are generallylab t o achi eve higher out put ac

performing the best.

Figure 2.Al. Seven different boundary conditions investigated in the study.
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Impedance analysis is another measure of the performance, similar to the FRFs shown in
figure2.A2. Figure2.A3 shows these experimentally measured impedance curves. The difference
in resonance and an@sonance peaks of the curves is related to the magnitude of damping, where
a large difference indicates relatively low damping. It can be seéffothixtures with the least
constraints, the damping is substantially lower than for those imposing more constraints. This
follows the conclusions drawn from the FRFs. The curves are also useful for verifying the modal
frequencies found with the analygicmodels and FEMsAlthough the fixtureless atomizer,
denot ed AFAQ perfarmdd vegywvellgt is an impossible boundaspdition to achieve

in practice;her ef ore all wultrasonic drying was perfo
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Figure 2.A2. Frequencyresponse curves of the investigated boundary conditions.
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Appendix B: Average acceleration

Initially, the acceleration of the transducer was measairtite center ot stainlessteel
plate, as axisymmetric mode shapes have a maximum displacement, velocity, and acceleration at
the center. A plot of the FRF at this location to different voltage inputs is shdiguie2.B1.

It can be seen that for frequencies lesnthpproximately 60 kHz, there is very little
deviation in response, other than in amplitude, when the voltage is changed. Also, for voltages of
less than 25 V, there is very little change in response other than an amplitude changes foe the entir
range offrequencies testedplwvever, for frequencies above 60 kHz, as the voltage increases, there
is a nonlinear softening that shifts the modal frequencies to a lower value. This softening is most

easily seen at 85 kHz. When the excitation is increased pagH)bhe response of the system
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Figure 2.B1. FRF of the transducers center to various voltages.

at the center becomes chaotic. The data from figig® suggest the maximum acceleration occurs
at an input of 25 V and 107 kHz; however, this does not align with observations.

Experimental observations have shown that the atomization rate will always increase with
larger magnitudes of input voltage sodaas the atomization threshold is met, a finding supported
by previous researd22]. To testthe hypothesis that nonlinearities of the system influence the
response at the transducer center, we measured the response of a-peinteoffMeasurements
of a noncentral point on the atomizer followed our observations of the atomization process: that
increasing the voltage at 107 kHz yields a larger acceleration. From this data, we concluded that

the mode shapes are no longer axisymmetric in this operating range.
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Based on these results, we change the method of measuring performance to be more
consistat in accounting for nonlinearities. To do so, we followed the method described in Section
3 of taking the average acceleration of many sample points measured with a scanning laser
vibrometer. The resulting accuracy of this method between experimentsEdhdifmulations
proved it to be valid solutionfigure 2.5); furthermore, the clear relationships between the
proposed drying model parameters and the average acceleration over the plate surface further

justify this decisionfigure2.8).

Appendix C: Finite element modeling

Commercially available COMSOL Multiphysics is used for finite element modeling. This
source of verification confirms the mechanical as well as the electromechanically coupled
equatiors derived in this and the previous chapiliew. begin,it is necessary to choose a mesh
arrangement which accurately calculates the necessary resoltscafse of a mesh will result in
a lack of convergence to the true value, adfine of a mesh wastes computational power. In this
investigation, we willook at two types oélementsand two forms of assumed solutions for the
nodes. The two elements tested atenoted as Lagrange and Serendipity. Lagrange elements
contain interior nodes, or those that lay within the volume of the element, while Sesendipit
elements have nodes only on the exteriors; therefore, Serendipity elements do not take as much
computation as the former typé/e will assume a quadratic and cubic solution forelegnents,
where cubic solutions contain an extra node per edge thamaitsajic counterpart. FiguC1l
shows a convergence plot for predicting output acceleration for four combinations of the Lagrange

and Serendipity elements with quadratic and cubic assumed solutions.
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Figure 2.C1. Convergence study for four differecwnfigurations of FEM elements.
It can be seen that there is no differences in the converged values between Lagrange and
Serendipity elements, therefore we will choose Serendipity elements due to the fewer number of
nodes and faster computation time. Ihdaen be seen that both quadratic and cel@ments
converge to approximately themsa value of output acceleration; howevan assumed cubic
solution reaches the converged value with a significantly coarser mesh than the quadratic solutions.
This is dwe to the higher order of accuracy contained in the polynomial each node is solving for.
While this type of solution does take longer to compute, the far fewer elements needed makes for

a more rapid simulation. Therefore, we choose cubic Serendipity eimeotir model, of /B

mm in size.
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(a)

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
1.11 kHz 4.33 kHz 9.69 kHz 17.20 kHz 26.85 kHz

Figure 2.C2. Mode shape comparisons between a) FEM, and b) analytical predictions.

Validation of the analytical model using FEM was done through a comparison of modal
frequencies and mode shapes. Figu@2 showshe mode shapes for the first five axisymmetric
modes. For each increasing mode, a radial node is gained in the response of the transducer.

Between the FEM model and the analytical model, there are no differences in the predicted mode
shapes.

Furthermore,an analysis of the first ten modal frequencies, covering the operating
frequency of the transducer, shows an exact match between the analytical and FEM models, with

the lowest accuracy being less than a 2% difference between the calculated values.

Mode 1 2 3 4 5 6 7 8 9 10
Analytical [kHz] | 1.1121 43296  9.6998  17.2201 26.8892 38.7074 52.6742 68.7905 87.0553 107.4687
FEM [kHz] | 1.1126 43307  9.8781 17.2156  26.8721 38.6651 52.5889 68.6367 86.9100 107.0734
% difference | 0.038 0.025 1.821 0.026 0.064 0.109 0.162 0.224 0.167 0.369

Table 2.C1. Comparison of modal frequencies between the analytical and FEM models.
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Chapter 3

Coupling of electroelastic dynamics and direct contact ultrasonic
drying formulation for annular piezoelectricbimorph transducers

Abstract

A newly developed technique for drying clothes without thermal energy has been
developed through the utilization of ultrasonic vibrations from piezoelectric transducers. The novel
technique incorporatesdhactuation of a thistainlesssteel disk in contact with wet fabric via
annular piezoelectric rings, where water in the liquid form is atomized, transported through
microchannels in the disk, and ejected as a mist. In such a system, resonance matching between
the actuation poion of the transducer and the portion contacting fabric must be realized, with
theoretical results from the developed electromechanical model showing a reduction in energy
consumption by 50% when resonance matching is achieved. The electrically caspledtdd
parameter model for an annular bimorph piezoelectric transducer is developed for optimization of
ultrasonic drying technology. The thickness mode vibrations are shown to dominate the behavior
of the system, where the analytically developed madel be optimized to increase the output
acceleration of the transducer, thus increasing drying performance. The electromechanical
equatiordeveloped will be connected to the drying rates of fabrics in contact with said vibrations,
where the novelty of theoupledequatios and its description of the physics of ultrasonic drying

will be discussed.

Nomenclature

A Area a, b Shape function coefficients
B  Temporal function coefficient d Piezoelectric charge constant
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D  Electric displacement e° Permittivity at constant strain
D Plate flexural rigidity 7 Damping ratio

E  Electric field A Bimorph temporal function
H  Piezoelectric enthalpy g  Angular coordinate

H  Heaviside function / Plate eigenvalue

h  Thickness n Poissonds rat
] U_nlt imaginary number r Mass density

K Kinetic energy f  Bimorph shape function

k  Spring constant .

L Bimorph total thickness Y Plate shape function

m  Mass per unit length W, Plate natural frequency

r  Radial coordinate w  Excitation frequency

S Strain w,  Bimorph natural frequency
T  Stress

t  Time Subscripts

U Potential energy ef  Elastic foundation

u Displacement f  Fabric

vV Voltage i Material layer index

v Volume n  Mode number index

X Thickness direction coordinat p Piezoelectric

Y Youngds Modul S  Substrate

a Bimorph eigenvalue 3, 33 Thickness direction

3.1 Introduction

The proposed experiments and experimentadlydated multiphysics modeling approach
in thisthesisaim at filling a knowledge gap in terms of considering distributed parameter models
of piezoelectric bimorphs, associated with actuation and sensing, for the purpose -afoiitact
ultrasonic clothes drying. The significant impacts of this researchragtical expressions for
thicknessmode piezoelectric bimorph actuation coupled with the drying rate of fabrics in contact
with the resulting ultrasonic vibrations, for the development of the next generation clothes dryer.
The developed analytical exgaons enable optimization to be performed efficiently, and the
approach taken allows for the splitting of a transducer with aundfarm geometry. This research

will be the first attempt to establish a mathematical framework and experiments to predict th
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effectiveness of a piezoelectric transducer applying ultrasonic vibrations to a wet fabrie for de
watering. The proposed research will also tackle the problem of modeling bimorphs without the
use of finiteelement or lumped parameter methods as is cortynused[1-5].

Regular electric resistance clothes dryers, accounting for 80% of all dryer sales and found
in over 200 million American homes, are an electlycakhsteful appliancgs]. Upwards of 5% of
the electricity consumed by residential buildings per year is done in the form af<tirying. A
much larger volume of air than the clothes occupy must be heated and sealed from leakage, and
when the humidity inside the drum rises, much of that energy is expelled. The resistance of sealing
rings against the rotation of the drum increa$espower demand on the driving motor, further
reducing energy efficiency.

Recently, other clothes drying methods have been introduced, which can significantly
increase the efficiency associated with clothes drying. These methods include heat pump drying,
recirculation, control systems, and even thermoelectric materials in an attempt to improve thermal
drying technology from the likes of electriesistance dryin§/-12]. Heat pump dryer technology
has significantly improved when compared to other methods, achieving upwards of élditkes
dried per kWh of electricity, which is significantly higher than electric resistance dryers, which
can only reach 3.7 lbs/kWh, being the legal minimum. However, heat pump dryers have not been
popular in the U.S. due to higher initial costs &mger dry timeq13]. Yet, there is a growing
need for efficient appliances to help reduce emissions resulting from the production of electricity.

The limiting factor for efficienthermal clothes dryers stems from the properties of water.
The high latent heat of vaporization of water requires a large amount of thermal energy to
evaporate it from fabrics. Regardless of the advancements made in how heat is supplied to the

dryer, the lare minimum energy requirement, being the latent heat of vaporization, dramatically
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reduces the maximum efficiency possible when drying clothes with thermal energy. Therefore, a
different mechanism of drying is proposed in order to vastly improve thesefficof fabric drying
technology.

The novel solution for enereggfficient clothes drying bypasses the need for thermal energy
by utilizing a process called atomization: a mechanical process in which oscillated liquids can eject
nanometessized dropletsrom its surface when exposed to sufficient magnitudes of acceleration,
figure3.1a. Droplet ejection during atomization is characterized by several instabilities due to free
surface breakup, mainly RayleidJtaylor, Rayleigh capillary, and Faradasave insabilities[14-
16]. Piezoelectric based atomization technology is commonly used for aerosol drug delivery,
medicattool sterilization, humidifiers, food dehydration, and recently as acepient for inket
printing due to the weltontrolled sizes of the ejected droplft3-20]. Due to the commonality
of this technology and lack of recent advances, little attention is paid to atomization applications
other than those where controlled droplet sizes are needed, mostly regardingaireysications
rather than consumer products. However, over the past several years atomization has been found
to be ideal for the drying of fabrics, as no thermal energy is necessary due to the mechanical nature
of this method.

The mechanics of atomizatio ar e wel | studied and were firs
Wood and Loomi§21]. Since then, many investigations have confirmed the relationships between
the driving frequency of the liquid and the formation of capillary waves on its surface, as well as
the prediction of droplet diametdil4-16, 18, 1922-25]. The accuracy of these relationships has

resulted in a single expression for the acceleration necessary to achieve atomizaépn as
a ° 026w (s/ ¥°, (3.1)

where W is the driving frequencys is the surface tension, and the fluid density.
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For a wet cloth, liquid droplets are contained within the fabric pores, which vary in size
within a gven fabric as well as between types of textiles. As the sizes of the drops vary within the
fabric, so does their surface tension, effectively changing the acceleration necessary to achieve
atomization. When atomization does occur, the ejected dropleablarto pass between fibers of
the fabric and are expelled by their own momentum. By oscillating the fabric with sufficient
intensity, the majority of water is able to be atomized and ejected, while the droplets retained in
the smallest fabric pores remaas their surface tension is unable to be overcome. These smaller
droplets are then evaporated due to the thermal energy resulting from the movement of the fabric,
as friction between fibers increases the local temperature of the[2&tIThis method was put
into practice in 2016, where researchers at Oak Ridge National Lalyocagated the first
piezoelectric based clothes drying prototype and identified many characteristics of ultrasonic
clothes dryind26-29]. The concept for the stages of atomization is shoigure 3.1a.

Previous investigations by thidissertationsauthors highlighted the predictability of
ultrasonic drying performance given only the applied acceleration contacting the fabric to be dried
[30-32]. A key finding was the ability of vibratiehased models of the actuating structure to
predict the drying rates of fabrics it is in contact with based upon its deformation acceleration.
However, the previous publications relied experimental data to supplement a missing portion
of a piezoelectric transducer model. In thiesis the same vibration model is ropleted by
coupling the electmlastic actuation of an annular bimorph with the resulting plate vibrations
which are furber coupled to the fabric drying rate. Moreover, the novelty of the developed
electroelastic models exceeds the application of ultrasonic drying and is useful in many other fields

using piezoelectric systems as sensors or actuators.
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Vibration-based modelsf smallscale piezoelectric systems have been an increasingly popular
research area for a wide range of applications including energy harvesting, controls, structural
health monitoring, and contactless acoustic energy transfer systems, amon{do®®8v]. Of
these applications, space and energy availability are often limited, makivgpsadfed, wireless
networks highly desirable. Electromechanical models relating the coupled inputs and outputs,
being an electrical signal and mechahidaformation, are necessary for the optimization of
systems to approach the high efficiencies that define the piezoelectric materials utilized.

The majority of vibratiorbased research of piezoelectric structures is related to energy
harvesting, where tge amplitudes of deflection are desired to maximize the electrical energy
produced. As such, these models are often based on cantilevered structures with orthogonal
electromechanical coupling between poling and forcing directjan?, 4, 33, 3&3]. For
cantilevered structures, distributed parameter models developed analytically haveebeiy
favored in literaturg44, 45] A hindrance to thestorms of models arises from systems with
complicated boundary conditions, often rendering analytical expressions near impossible to
develop, forcing the use of finite element analysis. However, the optimization qualities of
analytical expressions make seesolutions more valuab[8]. For single degee of freedom
systems, such as tunethssdampers and instances where poling and forces are in the same
direction, the method of using lumped parameters is offed for complex geometrigs-5].

A knowledge gap regarding modeling was found for systems with poling and forcing along the
same aibs, using the distributed parameter approach. As previously stated, these systems are often
modeled using lumped parameters, however this method does not allow for accurate analysis of
design changes with regards to an annular bimorph structure. Furtberther majority of

distributed parameter models assume bending is the dominant defor{3&.i@®] Therefore,
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there is a need for distributed parameter analytical models of piezoeleatrsclucers where
electromechanical coupling is along the same axis and bending is not a dominant deformation.
This investigationwill fill this gap in knowledge by providing a straightforward approach for
distributed parameter modeling of an annular birhorpperating in the 38&ode of
piezoelectricity. Furthermore, the developed models will be connected to the drying rate of wet
fabrics in contact with ultrasonic vibrations.

The significant goal of enereggfficient clothes drying will be approached throwgtimizing
the mechanics of the device supplying the atomization energy. In this and pré@jus
investigations, a particular meshed transducer was selected which consumed ~1W of power per
transducer, including the losses due to the power electronics. Estimates place the number of
transducers regled for a fullscale dryer in the hundreds, meaning approximately 0.4 kWh of
power is consumed for a typical drying cycle. Through the optimization of the transducer and its
boundary condition, this study will show the same amount of drying can be atkekehalf of
the estimated power. This drastic increase in energy savings demonstrates the need and novelty of
the coupled electroelasigjuatiors modeling the actuating transducer and connected to the drying
rate of fabrics it is in contact with.

The objective of this research is to improve the fundamental understanding of the ultrasonic
fabric drying process and apply the results to the ongoing development of a new and disruptive
fabric drying technology, which will have a significant impact on theral energy consumption
attributed to clothes drying around the world. The work is novel because it involves an analytical,
distributed parameter model for predicting the vibration characteristics of an annular piezoelectric
bimorph transducer in resonawith a thin plate coupled with drying characteristics of fabrics in

contact with the resulting vibrations, giving physical insight into direct contact ultrasonic drying
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and atomization and progressing this application. Many of the previous approatiecigénature

for this type of vibration research have resorted to finite element modeling (due to complicated
boundary conditions) and lumped parameter methods, making them inaccurate and difficult to use
for optimization (unlike our approach). In additito these advantages, the modeling approach
described in thishesisalso involves electromechanical coupling between the electrical input and
the resulting mechanical deformation of the bimorph. By combining these results with previous
empirical resulton ultrasonic fabric drying, this research represents the first complete model of
ultrasonic based fabric drying, to the author
with particular frequency and amplitude can be used to accurately preslicibtiation of the
piezoelectric bimorph transducer, which can, in turn, be used to determine the expected energy
consumption and drying time for a given fabric. The results are valuable for advancing the state
of-the-art ultrasonic drying technology, abkely allow for the design and optimization of
piezoelectric transducers for maximum energy efficiency and minimum drying time.

In this study, we investigate the electrical actuation of a-t§j{se, annular piezoelectric
transducer, and the resulting defotimas. Section 2 begins with analytical modeling, using
Hamiltondés principle and common techniques 1in
displacement of the bimorph as a function of material properties and applied sinusoidal voltage
will be developed. This expression will then be connected to previous modeling investigations of
the transducer by the authors. Section 3 discusses the experimental techniques used to validate the
electroelastic models, as well as a comparison of the transdueassimad response with that of
the developed models. The two important deformation characteristics being the bimorph
displacement and resulting plate acceleration. In Section 4, a proposed design solution based upon

the developed models will be shown to @dresonance matching and drastically increase the

67



output acceleration of the transducer. The effect on acceleration will be connected to theoretical
drying rate of fabric it is in contact with, highlighting the immense capabilities of direct contact

ultrasonic clothes drying.

3.2 Theory

The bimorph piezoelectric transducer, showiigures3.1a aml b, is comprised of a single
thin stainlesssteel disk as the substrate; adhered to the top and bottom surfaces of the disk are
annular Lead Zirconate Titate (PZF5A, PZT) actuators, thickness poled in a direction away
from the substrate. Terminals located on the exposed surfaces of the upper and lower PZT rings
connect the system in series, with the substrate modeled as a perfect conductor. All components
have equal outer radii of 15 mm while the annular PZT layers also have an inner radius of 10.5
mm. The substrate thickness is 0.05 mm and the PZT layers are 0.32 mm thick. The following
model is based on a commercially available transducer used in thpseaimus ultrasonic drying
investigationg46]. An investigation into the effects of changing the PZT mateaall®e found in
Appendix A.

The bimorphs electromechanical coupling is largest in the thickness direction and seeing as the
electric field is applied in the same direction over a small distance relative to the width of the

bimorph, we can assume pistlike motion at resonandd7]. This assumption results in constant

displacement over the range¢r ¢, for any given value oK.
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Figure 3.1. (a) Stages of atomizatioiib) piezoelectric transducer schematic, ér)da cross
section of the bimorph portion resting on an elastic foundation with spring cokstant

The transducer is mounted to an aluminum plate with a centieabficadius equal to that of
the inner PZT radii; this ensures no contact is made between the vibrating plate and the fixture.
The bottom surface of the transducer's bimorph portion is mounted to the fixture usingartwo
epoxy (3M DP460) utilizing aacuum bonding process to ensure proper contact and adhesion
between the fixture and transdu¢48].

A distributed parameter model of the dynamics of the transducers is developed in two parts:
(1) electroelastic actuation of the bimorph portion of the transdtiger€3.1c) due to an applied

electric signal, and (2) the resulting plate vibratidrthe unconstrained stainlesseel substrate

over the rangd ¢ r <,. The analytical approach requires separation of the model into two parts

69



due to the orthogonal distribution of the boundary conditions and geometric vakiablés used
in each model, as definedfigure 3.1b.
Modeling of the bimorph is achieved [d75i ng He
49, 50]
b _
A (-U)av @ 0 (32)
LEe v u
This method considers a balance of potential and kinetic energies using variational methods, an
ideal approach for the smalisplacementand steady state behavior of the piezoelectric actuator
considered here. For this derivation we ignore the work@weconservative forces, being the
charge held over the terminals, as it only influences the cequiatiors which are not pertinent
in this derivation. The potential energy has four total contributions; two are identical due to the
electric enthalpy bthe PZT layers, one is due to the substrate, and the last from the epoxy layer
being modeled as an elastic foundation with a spring boundary condition constraining the
transducer to the fixture. Therefore, the total potential energy is expressed as
U=H Y, U, . (3.3)
Due to the axisymmetric geometry of both the transducer and the boundary conditions, as well

as the small strain assumption of linear piezoelectricity, the volume integrals are reduced to line

integrals with the area in the- @ plane remaining constafil, 52] This assumption is known
as pistorlike motion, and is typically valid for materials with aspect ratios greater th§320
55]; in this case the PZT layer has an aspect ratio of 14, however we will show thelipéston

motion to hold true and provides an accurate moéet the bimorph, the area in this plane is
represented a§=,0(r02 -riz). Following this assumption, each potential energy term can be

expressed as
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where the spatial derivative is definedus p/ x4 Sz. We can simplify the elastic foundation

potential energy by assuming a constant epoxy thickness of known value and treating the layer as
a linear spring, eliminating the integral for its corresponding potential energy and simplifying its
influence to that of a boundary condition only, to be applied later. The spring constant is defined

as k=Y, AV h,. Due to the strong influence of the adhesive layer on the systems stiffness, an

experiment is conducted for estimation of the thickness of the bondirguseAppendix B.
The estimated thickness is used to calculate the layers spring constant, esslitiveg modal
frequencies dependent on this layer are compared to experimental results to ensure accuracy.

The kinetic energy is defined f9]

1Mo A hy 24, ot
3\ =5 fif), U dx - G dx 3 M (35)

hy hs+hy hy +, K

<

where the time derivative is representediasdu/ dt.
Hamiltonbés principle requires the applicatio

described. Applying this method to the kinetic energy results in the ekpress
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hef"'hp hef +hp |;'rs hef 2hp hs+
diKdV = - f{,udidx - fBu efdx - oy ot. (36)
\ hy hee+hy he Hp 8

The IEEE standard constitutive relations of linear piezoelectricity are derived from the
application of variational methods to the electric enthalpy, given in sttesBic displacement

form as [49, 52]

_ pH H
aH = , : (3.7)
s, & g ®
_ bH
T =" =, 3 3 ! (38)
s, (% 4§
D3 = % \#deB %3 6'35 Ei ' (39)

The electric field is defined asE,= V,(xf)/L where the voltage is expressed as
VH(X,t)=V(t)§H(X - H(® with V(t) =Ve™. Accordingly,dS,= af anddE,= - ¥, /L

therefore the total electric enthalpy is

her +hy, hy 2h, ky
a’ﬁ-ld\7:A (il B; -0 H) dx +A (A, & D Boc. (3.10)
v hyt her + hy g

After expandingequation(3.10) and using integration by parts to simplify the expression, we find

thevariation of the electric enthalpy to f#l]

x=hy H
- x=hy VH ’ C|X e 2R het
d\ﬁ" dV - Yp Au 4{(:?}5{ +X AQT E:hef +pY AU| )ﬁf h h +
V X:rbf 'th FE hef:';]pé o V 6 hef mp~ o 1 . V ~
YpAd33THd4 +Y AR S-u .-ggT” Fudx A f L i i?—L“z gdx
x=hy 4y K hy © - he G <

rlef"'2hp hsa V'_‘ ~ hef 2'hp hé' o 1 V ~
YA A uitidg Quax +A  f Yad, R ¥ dx
hye +hy + G - hy By bt G -

(3.11)
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The same process is applied to the substrate and elastic foundation, and the result substituted along
with equatios (3.6) and 8.11), intoequation(3.2). The resulting expression containseheatiors
of motion, boundary conditions, and circaguatios which govern the bimorphs dynamics.
Having taken the elastic foundation to be a constant thickness, and apidyimituence
as a boundary condition, we can simplify the bounds of integration by defining the thickness

coordinate to begin ak=h, 0. Accordingly, the bimorph is divided into three segments with
axial deformations u,, u,, and u; for the regions 0¢x ¢th, h <x ¢h H, and
h,+h <x 2h h [56]. Therefore, each material layer will have a corresponeqgtionof

motion and the material interfaces will have boundary and continuity conditions to ensure contact

is maintaned. The threequatios of motions are found to be

-mi Y AY i Agj\% 0= 0 xt} (3.12)
-mi, LAY PG h x het (3.13)
-m Y AY iy Agj\% 0= p M x<2he, (3.14)

and are bound by the four boundary conditions and two continuity conditions; with the first

condition including stress continuity with the elastic layer modeled as a spring, given as

gvp A+ Y, Aggv—LH - ky X‘go &, (3.15)
‘ Vv
‘?YAq-\gAy'rxAg—“g G (3.16)

é—

gYsALE N AY T Ad

V
v @ 0, (3.17)
L xﬂm
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e
Y A A G, 3.18
g U - ‘33 ﬁzh . (3.18)
[u, = uz]xzhp : (3.19)
[u,=uw],., - (320)

To model the mechanical response of the bimorph we use separation of variables and can
ignore terms coupled to the electrodynamics of the structure. The displacement is expressed using

separation oYariables, as

U D=A £, (9 A (321)

where the subscripted indesepresents one of the three material layers; explicitly the piezoelectric
layers are represented by-1 and 2, and for the steel substrate- 2. The indexn denotes the
infinitely many modes, and the summation of this index will be implicit in the following derivation.
The temporal function is defined ag, (t)=A¢e", and 4 (t)= - ft). Applying these
expressions to the uncoupled mecharécplatios of motion, we find they are of the form

mu; () + Y ARIY =, q(& (X0, (322)
which has the general solution

f..(X)=4a,sin( g x) Hy, cos( ax; (3.23)

where

a, = W YﬂA : (3.24)

The general solution given bgquation(3.23) is applied to the boundary and continuity

conditions given byquatiors (3.15-3.20), resulting in a skby-six coefficient matrix used to find
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the eigenvalues of the system. Solving for the six unknown shape function coefficients is done
using Galerkinbés met hod.

Consider two distinct modes, and g; multiplying equation(3.22) by 7 (x) and integrating

over an arbitrary lengthye find
- Y COY AL dx = W fxm, (kd. (3.25)
X X
Integration by parts of the leftand side results in
-FLOYALO) +nq.(w)Y A (Fx dx = Vzﬁ M, ()xf. (3.26)

Applying this expression to each material layer and its respective boundary conditions, and then

summing the three raking equatiors, we find

h, hy+hy 2hp
fa(Ok £(0)+ R n PO, A L@ dx+ R( Y Al Xidx+ g XY A ) x &>
hp hp+hS
hp hy+ 2h, 4y
ﬁ ()m, f(X dx+ nzy'/ N m o K dx+ P £ XMy £ )x dx
0 hy hp+h

(3.27)
The continuity conditions of the bimorph require the natural frequencies of the layers to be equal

to the systems natural frequency, therefegeation(3.27), can be simplified to

FOK £O+A [ {OYA B k=2 & F{¥m,(XE.  (329)
i=1 X i % %

By symmetry, the samequatiorholds for the natural frequencies denoted by nmgdgving
3 %
Fu(OK £0)+& i)Y A, @ dx = aV i ¥m, ( X£. (3.29)
i=1 X i2 X

Subtractingequation(3.29) fromequation(3.28), we find
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(W~ §)A f £0om EHdx D (330

i=1 X

Therefore,

3 X
é Y (Om £(><)d+ =0 (3.31)
i=1 X nq
and the mass normalization is defined as

3%

a e Im £(Qd= ¢ (3.32)

i=1 X
Subsequently using this result aaguation(3.28), we find

3 %

f Ok L0+ [ i)Y A @ dx=7 k. (3.33)

i=1 %

For nontrivial solutions,n = g, equation(3.32) can be expanded to

h, h,+hy 2hy

ﬁnpfnl(><)2dx+ i 7£( ¥ dx+ o X dxE. (3.34)
0 hp hp+hs

We may also represent the shape functions as an equivalent function normalized by a modal

coefficient, written a$§51]
da . 6 ~ .
() =agsin 4x) L oos( @) 93 x (335)
C +

Substitutingequation(3.35) intoequation(3.34), and after factoring foa,, we find

1

8, = 1 — — (3:36)
Jﬁrnpfm(xfdw M LO¥ dx+ il X d

hp hp+h5
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Using thecoefficient matrix found earlier along witquation(3.36), we have found the systems
shape functions and eigenvalues, representing the mechanical response of the system.
The tempor al modes a r discrdtization dnethads iThe gelec®a | e r k

mechanically couple@quatios of motion given byequatios (3.12-3.14) are multiplied by an

orthogonal shape functior, (x), and the resulting expression integrated over its respective

materiallag r 6s t hi ckness. For tedustiostater ee bi mor ph | a\
J Vi @
g, 4o VoA iy M AL g6, (337)
0 :
hp+}"g
A fo (M &7 4 Y Afo)blx 0, (3.38)
hp
2h +h$ O ~
N fksaégnp [ Y Al AY, Aq (-gx G . (3.39)
hy+thy '

Equatiors (3.37-3.39) are evaluated with their respective boundary and continuity conditions,
as well as the orthogonality condition is given duation(3.33). Furthermore, we make the
common approximation that the electric field is constant over the length of the bjmegatting

the influence of position. Accordingly, summing the three evaluated expressions results in the

relationship
V(t) 2h +hS "]
fi,+ h w¥ Ad,——= en AX + feidxuo. (3.40)
L & hy 1,

Evaluating the integrals, we find

Bov A O (g ) - (@ g g2h, e G R )G (34D

Replacing the temporal funch variable with its definition, we are able to simplkguation

(341) and solve for the amplitude constant of the temporal function as
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VALY 0% f(h ) L) a@h

342
7 (3.42)
Therefore, the temporal function is the final expression
V.
YpAdzstgnl(o)-l' (Ts(h) 'Hl) 'nf(hp) rﬁ(lz hp @*8
h(t) = e . (343)

W - 1
Substituting this expression back into the original definition for the displacement using

separation of variables, as well as adding in the effects of viscous damping, we find the

displacement of the bimorph to be

fnl(X)Y A@s gﬁl(o)-'- nﬂh) +|2) -rﬂ.(fhl) rﬁ(zch) @i-%m
u(xt)= a_l W @) 2 zww (3.44)

A previous investigation, Dupuet al.2017, had modeled the vibration of the inner substrate
not adhered to the annular PZT rings, resulting in an expression for the acceleration at any point

on the plate a30]

& n
e . 2p th, zlﬁ 4 )dr
a(r,t)= Wz\Ne'“‘el ayn(r)

W -w/# 2]4 Wi (349)

é
where W,, the magnitude of base excitation, at the time was found from experimental
measurements. Having modeled the bimorph portion responsible for the input base excitation to
the plate, the entirety of the transducer has been modeled for axisymmetric boundamynsondi
where the input base excitation is

u, (5, ) =w,e” . (3.46)
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These resultinggquatios allow us to use known material properties, dimensions, and
electrical stimulus to predict the deformation of the entire transducer; impsttantly, the
resulting acceleration of the steel substrate which makes contact with wet clothing during the

drying process.

3.3. Experiments and model validation

This investigation was intended to complete the electroelastic modeling of -@seutar
piezoelectric bimorph, therefore special attention was placed on verifying that the model
accurately predicts the bimorphs dynamics. To ensure the separation of the model into two parts
is accurate, the transducer's central plate is removed by subtraativdacturing at a slow rate to
ensure the heat generated from friction does
can be compared experimentally to an equivalent geometrgquivalent geometry is also created
in COMSOL Multiphysics, where comparison obimorph mode shape results between the
analytical and FEM model can be viewed in Appendix C.

Verification of the proposed models was done by measuring the dynamic response of the
transducer at several locations which characterize the denit@ave been identified to be most
influential for the process of ultrasonic atomization. These influential parameters are: (1) the
displacement of the bimorph at the operating frequency of the transducer when atomization is
occurring, (2) the displaceme of the bimorph at its resonance frequency, and (3) the output
acceleration at the center of the transducer, being the input energy for the ultrasonic atomization
process.

The experiment is pictured iiigure 3.2a, showing a singlpoint laser dopplerikirometer
(LDV; Polytec OFV 5000/505) aimed at reflective tape placed at several points on the bimorph

(figure3.2b), and the transducdigure3.2c). An AC signal is generated using a Keysight 33500B
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Signal Generator
Amplifier
Oscilloscope

AW N =

Figure 3.2. (a) Experiment seup, (b) piezaélectn bimorph, and
(c) whole piezoelectric transducer.

Waveform Generator and then amplified using a Krblite model 7500 amplifier before
actuating the transducer. The amplified actuation signal, as well as the output voltage of the LDV,
is measured withraoscilloscope (Tektronix TBS 2000) operated by a MATLAB® script for the
recording of data.

Validation of the bimorph model was done in part by comparing the predicted first modal
frequency with experimental measurements. It was folnad €poxy layerthickness had a
significant effect on the system's natural frequency (Se&idnh The thickness of this layer
adhering the bimorph to the fixture, needed for calculation of the boundary conditions spring
constant, is approximated by matching the modaiicted first mode with that found by
experiment. In the limit of the thickness approaching zero, the linear spring boundary conditions

approach that of a rigid wall, resulting in a first modal frequency of 995 kHz. After approximating
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the epoxy thicknes as 1.5 em, the analytical model's
measurements at a frequency of 930 khtpufe 3.3a).
Further validation of the analytical model was done by measuring the bimorphs displacement

at the operating frequency dhe transducer, ~100 kHz, where atomization occurs. This

displacement is compared to that predicteddpyation(3.44) for u,(2h, + h,, 1), figure3.3b. It can

be seen both the resonance andresbnance response of the bimorph is accuratelyigied by

the proposed analytical model. Furthermore, the small deviations from experiment and model
have a negligible effect on the resulting plate acceleration and its influence on ultrasonic drying.
While variations in epoxy thickness around the baupdas well as manufacturing imperfections
within the transducer, cause experimental data to have small deviations between each run, the
results were highly repeadtable, although no stastical method was used due to the sensitivity of the

trials.
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Figure 3.3. Bimorph displacement per input voltage, experiment and theory
at(a) resonance, an(b) off-resonance.
The bimorph displacement is modeled as the base excitation to the unconstrained substrate
with a thin plate geometry. A comparison was mbhdiveen the predicted frequency response
function (FRF) of the modeled central plate with that of the experiment in the range where

atomization occurs. Two separate but equivalent transducers were adhered to two fixtures using a

vacuum bonding proce$48]. From the FRFO6s of the two strucHt
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harmonic within the plotted range is compared against the resulting analytical exprégsien (
3.4), where the input base displacemenedguation(3.45) is taken from the predicted bimorph
displacementunction, equation(3.44), having been plotted figure 3.3.

It can be seen that the analytical expression for the plate, with the input from the analytical
bimorph model, accurately predicts the response of the transducers measured experimentally.
Moreower, the magnitudes measured are comparable with those needed to achieve atomization,
given byequation(3.1) [25]; the presence of atomizatiaduring testing further confirms the
accuracy of the measured values. Variations in the frequency and amplitude of corresponding
mode numbers are in the range of variations from one transducer to another, suggesting that the
system is sensitive to minoifigrences in material properties from the manufacturing process, as
well as variations in the adhering epoxy layer, both being factors where accurate modeling is

difficult.
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Furthermore, it is evident that a resonance mismatch occurs between the bifinstrpieedal
frequency (~1 MHz) and the operating frequency of the transducer (~100 kHz). This significant
resonance mismatch inhibits the system from operating at peak efficiency. An investigation was

performed to resolve this issue and is described ifotloaving section.

3.4. Influence of adhering layer ondirect contact ultrasonic drying
Efficient drying relies heavily on optimizing the boundary conditions of the transducers in
order to achieve high accelerations and rapid atomization; therefore a similar analysis was
performed for the electroelastgjuatios developed in this stud$0]. The epoxy used to adhere
the transducerotthe fixture was found to have a significant impact on the modal frequencies of
the bimorph, as this is the connecting layer modeled as a spring foundation supporting the
transducer, having stiffne&sn equation(3.4), and contributing to the systemtential energy.
Variations in thickness of this layer and its effect on the bimorphs displaceeugmttibn3.44)
over a range of actuation frequencies are plottdyiure 3.5 . The increasing thi

results in a decrease in stiffness of gpexy layer, ak =Y, A/ h,, causing the systems natural

frequency to lower proportionally with the decrease in spring constant magnitude.

It was found that mounting the transducer on
naturally frequency to that of the operating frequency of the transducer (~100 kHz). Lowering the
natural frequency allows for resonance matching, which vastly increases the atomization
capabilities of the transducer. This shift in resonance provides a tenfadsedn base excitation
displacement, without any changes made to the transducer itself. The resulting increase in base

excitation amplitude to the plate provides a tenfold increase in acceleeqimatipr3.45), shown
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by figure3.6, where the 760 em thick | ayers FRF

narrow bandwidth around the operating frequency of ~100 kHz.
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Direct contact ultrasonic drying has been shown to be heavily dependent on the average
acceleration wer the contact area between the fabric and vibrating structure. The magnitude of
applied acceleration directly governs the quantity of water in the fabric, which can be atomized in
the initial nonlinear region, as well as the rate at which this watelomized[30]. Previous
investigations byhe authors of Dupuist al.[30], revealedh single nordimensional expression

for the nonlinear portion of direct contact ultrasonic drying as

MO=0 € &3) (M, G- Gaexg| ~,E7WtR(A )" (347)

L

where a is the average acceleration over the plate, calculated with the area integral

r}’-?pr la(rt)dr
a=2o . . (3.48)

P

The resulting increase in output acceleration due to the resonance matching of the bimorph and
plate has a significant effect on the drying time of fabrics. For each of the epoxy layers
investigated, a corresponding dryicurve found usingquation(3.47) was plotted due to the
changing average acceleration associated with each case, shtigur®$.7.

Optimizing the epoxy layer thickness for resonance matching has the potential to decrease
drying times by over 50%. Hminary results for the energy consumption of this technology are
approximately 0.3 kJ/g, being 10 times more efficient than current electric resistance dryers. The
application of our study would have the potential halve the consumption, significamédgsing

the current efficiency of ultrasonic drying to 20 times that of electric resistant dryers.
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Figure 3.7. Influence of epoxy layer thickness on direcintact ultrasonic drying times.

Conclusions

Direct contact ultrasonic clothes drying usipginciples of atomization shows great
potential over conventional thermal drying techniques. While -peaip dryers and even
improved heating coils have recently increased thermal drying efficiency, the high latent heat of
vaporization of water limits sigficant improvements. Furthermore, increases in thermal drying
efficiency typically come at the expense of longer dry times, which is a crucial metric for market
acceptability. The mechanical nature of droplet ejection due to atomization and its rel&imict
drying is an ideal replacement for conventional electric resistance clothes dryers. The high
accuracie distributed parameter eleattastic models have for predicting deformations based

upon an input voltage, coupled with the acceleration demerdiging rate of fabrics in direct
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contact with these ultrasonic vibrations, enables the design of a unique dryer catering to the
mechanics of atomization in fabrics highlighted in this and other investigations by the authors.
The analytical model in thisvestigatiorrepresents the bimorph transducer in its entirety,
from which the material properties and geometry can be adjusted to optimizg-efiigignt
drying. The electrelastic expression for an annular bimorph developed in this investigation,
cowled with the plate deformation model previously developed by the auf80fs fully
completes the model for a disc type piezoelectric transducer where thickness mode deformations
are dominant. The output acceleration is then connected to the global expression for the drying
rates of fabrics inidect contact with ultrasonic vibrations. From these three coupled expressions,
optimization of the vibrating structure can be completed. A mismatch in resonant frequencies
found between the bimorph and the portion of the plate in contact with fabriesdthecefficiency
of the system significantly. In thiavestigation we propose resonance matching by modification
of the bonding epoxy layer, resulting in upwards of a 200% increase in efficiency.
This chapter provides a useful vibratiehased model or annulastype bimorph
transducers. The relationships between the particular transducer, its boundary conditions, and the
influence of these parameters on ultrasonic drying are extremely useful for the optimization of the

dryer design to ensure market eptability and significant energy savings.

Appendix A: PZT material investigation

The commercially available transducer used in this investigation as well as early prototypes
of the direct contact ultrasonic dryer utilizespecific form ofead zirconge titanate PZT-5A, as

the default material for the annular piezoelectric rifigge electromechanical coupling coefficient,

density, and Youngd6s modulus are all par amet
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performance of the bimorph. It was faufor PZT-5A there is a mismatch in the first modal
frequency of the bimorph and the operating frequency of the transdiscdiscussed in section

3.4; therefore it is hypothesized that through careful selection of the PZT material utilized, a closer
matd in resonance frequencies can be obtained. For this investigation, we will look at three
commonly used piezoelectric materials, PZA andPZT-5H being soft cerami¢csand PZT8, a

hard ceramicindicated by the mechanical quality factfrable A1)[37].

Material Density Youngs Piezoelectric Quality Factor
[kg/m?] Modulus [GPa] Constant [m/V]

PZT-5A | 7,800 56 450 100

PZT-5H | 7,800 53 600 80

PZT-8 | 7,600 74 250 1200

Table 3.A1. Properties of three piezoelectric materials investigated.
Specifically, their inflence on the analytical model manifests itself in the natural
frequencies of the system, the amplitude of displacement, as well as the electromechanical

coupling factor, given by equation 3.44 as
Vv
qg=Y, Adsst (3.A.1)

It can be seen from eqtien 3.A.1 the amplitude of displacement is linearly dependent on
the thickness coupling coefficientzd This is identified to be the dominant parameter for the
displacement of the bimorph.

For both the analytical and experimental results, 8HAT performed better than the
currently used PZ-BA, and both these materials resulted in a higher acceleration output than PZT
8 (figure3.Al). This is due to the higher coupling in the thickness doeaif PZT-5H, as well as
the |l ower Youngébés Modul us, |l eading to a | ower

that of the plate.
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Figure 3.A1. Experimental and Theoretical FRFs for various
piezoelectric materials used in the bimorph transduce

From figure3.Al, it can be seen that a simple change of the materials used can increase
the output acceleration of the transducer by a factor of two over the currently us&iPEZRis
change results in no additional cost to manufacturing or tgebenetry of the transducerhe
lack of agreement due to nonlinear effects in the form of midplane stretching occurs as the

operating frequency approaches ~100 kHz. This is further discussed in se&tion 6.

Appendix B: Bonding layer thicknessestimation

The adhesive layer attaching the piezoelectric transducer to a supporting plate has a strong
influence on the systems natural frequency due to the high magnitudes of stiffness in the epoxy.
As such, it is crucial to estimate the springconstafit t hi s | ayer accurately

natural frequency matches that of experiment. We have previously defined the spring constant of
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this layertobek =Y, A/ h,, where the epoxy Youngds modul us

a given adhesive and transducer size, therefore, we must approximate the thickness of the epoxy
| ayer to accurately account for the adhesived
The experiment is conducted by testing various applied masses over aluminum disks
conrected to an aluminum plate by a thick layer of adhesive. The applied weight then compresses
the disk and excess glue is expelled to the sides of the disk. The weights range from the lone weight
of the disk, to an applied mass of 500g in six incrementsréig.B1). The thickness is measured
with digital calipers three times, and the average taken as the final measurement. The results are
plotted in figure3.B2, showing an exponential decrease in epoxy thickness when increasing the
applied weight over theisk.
The transducer used in this thesis is vacuum bonded to a supporting plate to ensure
uniformity of the adhering layer. This process allows for imperfections within the bonding layer
to be removed, and a uniform height achieved. The vacuum appliessaneref 25 in/Hg over
the surface area of the transducer, being approximately 7 square centimeters. This relates to a force
of approximately 5,500 grams, applied over the adhesive layer bonding the transducer to the
aluminum plate. Through the use fiure 3B2, we can assume the bonding layer to be only
several micrometers thick. This is used as the initial approximation for the model, and will be

tested by comparisons to experimental measurements of the first thickness mode of the bimorph.

Figure 3.B1. Epoxy thickness measurement experiment.
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Appendix C: Mode shape verification

An early step in verifying the accuracy of analytical modeling is through comparisons of
the mechanical response of the model to that of finite elemedeling Mode shapes, or the
resonant displacement of a structure at various excitations equal tof that systems natural
frequency, is commonly used as this initial verificatidtor the bimorph subjected to an
axisymmetric fixed boundary condition on its bottom surface, each layer will displace and
compress in a specific manner for each resonant dreyu The fundamental modal frequency

results in the expansion of each of the three bimorph layers. As we move upwards in mode number,
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we gain additional compressive regions, increasing lineanmymberfor each increasing mode.
A comparison of these medshapes can be viewed in fig@.€1.

It can easily be seen there is a-0o®ne match between the analytically predicted mode
shapes and that provided by COMSOL Multiphysics finite element modeling. Moreover, the
inclusion of the epoxy boundary condit does not alter the agreement of the two models. This

highlights the accuracy of the analytical model, where the natural frequencies and displacements

are correctly predicted.
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Chapter 4
Solution of mist ejection rates at the microscopic level

Abstract

Microchannelsare increasingly incorporated in MEMS systems due to their high rates of
heat and mass transfer, as well as their ability to utilize molecular interactions. Recently,
researchers at Oak Ridge National Lab have utilized piezoelectric transducers wighcdrray
microchannels for the purpose of clothes drying without the need for applied thermal energy. In
this process, a piezoelectric transducer comprised of a thin steel plate with annular PZT rings
adhered to its surfaces is actuated in the ultrasonic .raihgeresulting deformation at resonance
accelerates the fabric at large magnitudes causing the contained water to separate into smaller
droplets, referred to as atomization. The droplets are then forced through microchannels within the
steel plate wherehey are quickly removed from the area around the fabric. Modeling of the flow
in this system is complicated by the small aspect ratio, nonlinear geometry, time varying entrance
conditions, and adhesion to the channel. Further difficulties arise fromamations in channel
sizes due to manufacturing imperfections; at such small hydraulic diameters these differences can
drastically alter the flow rate of the channel from what is expected. Experimental measurements
are also made difficult due to the smialhgth of the channel and its oscillating motion. In this
chapter we will discuss modelingethniques for this case of opended microchannel under

oscillatory motion, used in direct contact ultrasonic clothes drying.
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4.1 Introduction

The limits of applying macroscopic flow theory based on the continuum assumption to
microchannels has been an increasing area of interest. The rise of microelectromechanical systems
(MEMS) use in sensing, actuation, heat transfer, and energy harvestmgWwassubstantially in
recent years, and the study of liquid flows at these scales is increasing in importance. The principle
characteristic for applying our understanding of macroscopic flows to microchaneedsveral
dimensionless numberslating irertial, viscous, and surface tensions forces. These include the

Bond number, the Weber number, am# Reynolds number, where critical values for flow
transition occur aroundRe~ 2,00([1]. While inertial effects are rarely included in microfluidic

processes, the high operating frequencies of ultrasonic diggudting in short time scales for the
flow results in these forces being substankatther considerations include the wetting of various
materials the microchannels are created from, affecting all areas of the flow. For hydrophilic
materials it was bund the NavieStokesequationholds at channel sizes greater than ten
molecular diameters, allowing for the application of the continuum hypothesis to the problem at
hand[2]. However, a lapse in research was found for high frequency flows in short, micrometer
scale channels. These follows are characterized by a strong influence from entrance effects,
channel profile, and air entrainment when considering two dlmageuch as in an oscillating jet.
In this investigation, we will study such channels as they relate to direct contact ultrasonic clothes
drying, where the actuation of these flows comes from the ultrasonic vibrations of a circular disk.
The limits of hvestigations on oscillating flows in the millimeter scale has not exceeded
the ~100 Hz range, however there are applications where piezoelectric flow control has the
potential to reach the kHz scald, 4]. One such application is the atomization of liquids,

commonly used in nebulizers and recently in an ultrasonic clothes dryer developed by researchers
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at Oak Ridge National Lafb, 6]. These technologies utilize a piezoelectransducer with a
stainlesssteel substrate, fabricated with an array of microcharfoelhe transport of atomized

water. In this application, wall friction drives the flow creating pressure gradients rather than vice
versa, in this manner the relative motion of the substrate is used as the boundary condition for the
micron-scale flow.

Moreover, the influence of channel profiles greatly influences the flows in short channels
where entrance effects are substantial. The funneling effect of nozzles, as well as nonlinearly
tapered channels greatly increases the mass flow rate capabilities miezoelectric atomizer,
increasing the performance of ultrasonic drying and other applications. The inclusion of oscillating
flows in these nowniform channels is a further area lacking investigations. The authors have
identified only two approachem literature, numerical and experimental, towards modeling
taperedchanrels steady and oscillatingespectively. The difficulty of experimental techniques
for the short channels at oscillating frequencies in the kHz range makes numerical approaches with
validations from literature one of the few currently available methods. Further complexity arises
when dealing with two phases, occurring in oscillating flpais entrainment at the exit of the
channel increases the likelihood of encountering turbulemt, fidue to localized Reynolds
numbers reaching high values of magnitude.

The oscillating plate is able to achieve droplet ejection due to the inertia of the fluid filling
the microchannel. As we are working with the drying of fabrics, we will assumkiithésfalways
water, and is considered incompressible. Next, we will need to estimate the fluid regime we expect

to encounter, laminar or turbulent, due to the operating conditions of the transducer. For this we
turn to the Reynolds number, given B&€=rUD / 7 where r is the fluid density, U is the

characteristic velocity, D is the characteristic length scale,/anslthe visosty. The Reynolds
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number allows us to estimate the relative ampnce of inertial and viscous fosda the flow. For
water in a microchannel oscillating at sevéoaiens oimeters per second, theaximumReynolds
numberachieveds approximately Re=1,260mplying the flow is safely in the laminar regirfie

7-9]; however, this is only the case when dealing with singksp flow. When air is entrained
into the microchannel, the twghase flow characteristics will be found to introduce turbulence to
the system.

For interfacial flows where droplet generation occurs, the capillary number, defittezl as
ratio Ca~ Fm/ F.~mJ/ s, is more commonly used, as it provides insight into the ratio of viscous

forces tathe surface tension of the liquid. During this process, three major steps occur in sequence:
initially, an immiscible interface separates the two phasélsidf then a large deformation of the
interface occurs until an unstable state is reaclhedto necking of the flujdat this point pinch
off occurs and a droplet is released from the bulk liquid. As the length scale of the channel
decrease, the viscoaad interfacial forces increase, leading to a greater importance in the capillary
number{10].

For most microfluidic flows, inertia is not a strong force as the volaféquid is
incredibly small; owever,for flows where acceleration and velocity reach high magnitudes, such
as in an oscillating jet, inertia will contribute to the ability for a droplet to reach capillary-pinch

off. For this reason, we will also include the Weber number in our analysis, dioggze liquid
inertia andsurface tension force§he Weber number is defined\&&e~ F/ E ~ r DU?/ s.

These three numbers, the Reynolds number, Capillary number, and Weber number, will be
used in conjunction to characterize the flow and givesyaay insight into how the dimensions of

the microchannel effectdroplet ejectionComparisons of flow parameters such as flow rate, and
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velocity gradients against these dimensionless numbers will allow for the quantification of forces
allowing for improxements to be made to increase water shedding performance.

Having modeled the entirety of the piezoelectric transducer used in early prototypes of the
ultrasonic dryer, we can predict the velocity of the contacting plate at as a function of its radius.
We then seek to connect the velocity of the plate, also being the microchannel walls, to the flow
rate of water through the channel. This is representative of Couette flow as-sfip nall
condition causes viscous dissipation to create a velocity gradidgmt the channel. Bficulties
arise from the opeended microchannel inlet and outléte short channel increasing entrance
effects, rough wall conditions due to the subtractive process used to form the channels, as well as
the possibility ofair entranment. The high frequency of operation is another area that has yet to
be investigated to the authorodos best knowl edg
to the hundredsf Hz scale, whereas tipgezoelectric devicen this investigatioroperate between

40 and 100 kHz.

4.2 Analytical approximation

The modeling efforts in chapter 2 allows for the prediction of the displacement of each of
the microchannel holes. It is hypothesized that a close approximation mighejectionis a
calcuhtion of the displaced area during the ejectionipoiof the oscillatory cycle fierefore, we
will multiply the outlet area by the displacement of the microchannel for calculation of the swept
volume duringonehll cycl e of t hoeeoverths maidnss repeated namy timem

over a short duration due to the high frequencies of motion.

To begin modeling efforts, a sample of the microchannel holes is needed for inputting their

radial distance from the center irgquation2.15 Figure 41 stows such an array of 5,000 evenly
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Figure 4.1. Microchannel grid sampling.

spaced outlets of the microchannels with a diameter ofrtQ) The radial distance of each point is

calculated byr =\/X2 +y2 .

For each microchannel, its displacement is calculated for a given voltage input to the
bimorph, and then plotted against its coordinate position. Fig@eshows the results of the

analyticalequation2.15for each of the sampled points in figut4.
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Next, the total swept volume of the array of microchannels is calculated by summing the

displacement for each of the channels plotted in figut2eand multiplying by the inlet area of the

channel. To find the total volume over a unit of time, this value is multiplied by the frequency of

operation. The total volume per unit timeegimatedas

V_ w P

T - z Anlet pa:.1 Woutlet( rp)

_ 20 h 3y, (Fdr
Y- tp(3s0°) A Afe,) :

t pzlni P ’/'/nz' ’/ﬁ '|2J gnW
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To confirm this nodel, experiments are conducted to measure the volume flow rate through
the array of microchannels. Two volumes of water are used for testingll1@dd 3007 . Each

volume is atomized on the transducer fginen voltage input, and the time taken for the complete
volume to be turned to mist is recorded. This process is repeated three times for each voltage and
initial water volume combination, and the average of the three taken as the final measurement.
Figure 4.3 shows the results of these experiments compared with the analytical models flow rate
predictions.

It can be seen that for low values of input voltage, the model accurately predicts the flow
rate through the array of microchannels, but at increagitigges a discrepancy emerges. This is
due to the nonlinear increase in output acceleration at increasing voltages, due to the displacements

of the plate exceeding the thickness of the plate. When displacements approach and exceed the
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Figure 4.3. Flow rate experimental measurements compared to analytical predictions.
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thickness of the plate, our assumption of classical plate theory does noklsld evident from

figure 2.B1, where the center acceleration does not follow the $iap®trendsat higher voltages

as is achieved with lower voltages. In fact, the linear assumption begins to breakdown at applied
voltages of ~20Vand operating frequencies exceeding ~100.KHzs characteristic of the
transducer complicates modeling efforts as thdinear displacements of the plate would need to

be accounted for in order for the model to hold at high magnitudes of displacement.

4.3 Computational fluid -dynamics

In order to investigate the microscopic flowshagh oscillatory frequencies, we turto
numerical simulations using COMSOL Multiphysids.this model, we simulate the same high
frequency oscillation of the plate interacting with an initially stationary fluid filled cavity with an
outlet feeding into the ambient aifhe goal of this ingstigation is tadentify the importance of
various forces within the channel for future modeling efforts

We will use two modules of COMSOL to achieve the desired results: fluid structure
interactions to simulate the plate moving throw the fluid, mmbulentflow within the channel
that solves the NavieBtokesequationnumerically. The level set method is used to simulate a
moving interface, a necessary feature due to the droplet interface being transported through the
channel and into ambient alrhis method calculates a contour line of the interface and numerically

solves for itdisplacementdenoted as the level set function. Tétgiationis given as

W, Df.
u &P gteE)eD @ 1) (4.1)
ut | B
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where 7 is the level set functione determines the thickness of the interface region ranging
from zero to oneg determines thetabilizationof the level set function, and is the inteface

velocity vector. It can be seen that the-ledind side oéquationd.1 provides the motion of the
interface, and the righttand side provides correct®necessary for numerical stabiljti/1].

The model configuration can be seen in figure Zhk tapered microchannel is modeled
as an undeforming and impenetrable wall, oscillating through the fluids as dictated by the plate
modelng efforts in chapter 2. The microchannel is initially filled with water, as well as having a
thin film of water above the plate denoting the supply of water that a fabric will deposit on the
plate. The outlet feeds into ambient air, where this condii@onalso be seen above the supply of
water to simulate atmospheric conditions and to allow for atomized water to travel both upwards
and downwards through the channel. The left boundary is an axisymmetric boundary, which allows
for simplification of the mdel while still modeling for the entirety of the channel diameter. The
right boundary for the air and water aaso given assymmetric boundariesto keep water
contained above the plateut the geometry of this regionnst included in the simulatiorsave
are mainly concerned with the flow through the chanhkése simplifications of the geometry
allow for a timelier simulation to be completed, a necessary feature when dewaiitg
computatioal fluid dynamics, notorious for long simulation times.

Snapshots of the simulations can be seen in figure 4.5, showing one complete cycle of
motion of the plate through the fluids. The initial upwards motion results in air entrainment within
the channel, complicating the dynamics of the problem by introduti phase flow
considerations. As time progresses, we see a jet being ejected from the outlet of the channel, as

well as swirling of the entrained air due to vorticity within the moving channel. From these models,
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Figure 4.4. CFD model geometry and bodery conditions.

we are able to calculate the velocity of the water moving through the channel in order to quantify
the magnitude of forces at hanthe maximum velocity of the fluid during these oscillatory
motions reaches 124 m/s, resulting in a Capillaamber of approximately 1.6, and a Weber
number ofL,059. These two numbers show that viscous forces are on par with the effects of surface
tension, but also tells that inertial forces are significantly higher than both viscous and surface
tension effed. This is not much o surprise as the high magnitudes of the changing directionality

of the flow has not been studied previously, and gives insight into the forces that must be

considered for accurate modeling to be achieved.
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Furthemore negative pressure within the channel highlights the occurrence of cavitation
within the channel. The high pressures emanating from the motion of the plate is sufficiently
intense to rapigi turn certain areas of the flow into a gas, greatly complicating the physics within
the channel. Previous investigations have highlighted the presence of cavitation during the
atomization process, so it is not surprising that such events occur withshetiding of water
through the plates microchanngl®, 13] As there are no models which couple the motion of the
plate b cavitation, this will be a very interesting area of research and one that would need much

attention in future works.
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Chapter 5
Design of an alternative tumble dryer prototype

Abstract

Direct contact ultrasonic clothes drying, a novel application of ultrasonic vibrations for the
purpose of drying textiles is promising solution for ultrefficient clothes drying technology.
Developed by researches in 2016 at Oak Ridge National Laboratory, tlesptartilizesthe
atomization of liquids exposed to high frequency vibrations, creating a mist of micrometer sized
droplets from the bulk liquid retained in fabrics. Previous investigations have utilized arrays of
30mm diameter transduce@nd while these have been shown to be more efficient than thermal
drying, they are limited by the amount of contact area thateamele with the fabric. The packing
density of these transducers leaves much dead space where the fabric must wick water to the
locations of atomization. In this section, we will analyze a large area dryer concept which utilizes
large plates rather than athdiscs to contact and dry the fabric. The advantages of this technology
will be shown to be the simplicity of the design, Eugpntact area, and several control parameters
to achieve resonance matching between the vibrating plate and piezoelecaticractue to the
increased mass of the system, the actuators chosen are bolt clamped Langevin transducers, with
increased forcing capabilities compared to the annular bimorph F100 transducers. Comparisons
will be on the basis of output acceleration anev@oconsumption, where it will be shown the

plate dryer concept has the ability to achieve drying with a sixteenth of the energy consumption.

114



5.1 Introduction

Resonance matching between an actuation source and electromechanical systems is a
necessity fo many applications, including energy harvesting, vibration control and isolation,
microelectromechanical systems (MEMS), and recently in direct contact ultrasonic clothes drying
[1]. Of these systems, material properties, geometry, and boundary condgitionsighly
influential on the systems natural frequency and performance. Damping from over constraining
devices due to the rigid boundaries, excessive strain, and material imperfections can be identified

through comparisons of vibration models with expemtal measurements.

Vibrational systems can be designed creatively to provide maximum performance with
minimum input energy, through optimization of the previously defined parameters influencing the
systems performancén this view, we aim to maximizéné contact area over which the fabric is
actuated when atomizationnsalized and to achieve resonance matching between the actuators
and vibrating contact are@his section will investigate parameters such as the boundary condition

and number of actuators, in their influence on the vibration characteristic of the plate.

5.2. Motivation

The currently used piezoelectric transducer has limited potential dtsesimall contact
area, requiring a massive amount of transducers to cover any substantial area, a necessary feature
for drying clothing[1-3]. Manufacturing costs will increase drastically when hundreds, if not
thousands of these devices are bonded arebvio a supporting structuréigure5.1 shows such
a prototype comprised of sixteen modules wiB piezoelectric transducgon each module for a

total of 448 transducers. Each module has a fan to facilitate air movement through the fabric,
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helping toventilate the ejected mist. These modules move forwards and back, compressing the
fabric between the transducers and meshed plate. Electronics are housed in the bottom shelf of the
prototype, where waste heat is carried upwards, helping to increase fegatrme of the fabric

increasing drying capabilities at the same time as recovering lost energy.

With this in mind, we search for alternative dryer designs which utilizes a larger surface
area for direct contact drying. For actuating a larger mass, atss necessary to have the

piezoelectric forcing increase in magnitude; however, this often comes with increased transducer

mass, lowering the operating frequency of the device through the relatiafk / m. While lower
operating frequeries correlates to a lower critical acceleration necessary for atomization, given
by equation (2.1), we must be weary of approaching the audible hearing range. These constraints
make achieving atomization difficult as piezoelectric actuators have notgrious vibration

amplitudes at increasing magnitudes of frequency.

A preliminary investigation into the packing density of the currently used F100 transducer
was performed to quantify the importance of achieving large area atomization. An aluminum plate
was suspended from a load cell, and twelotyr transducers adhered to the plate in a honeycomb
packing arrangement to increase the number of transducers that could fit inside a given area. The
transducers were wired in parallel where each transducer euatshinected or disconnected from
the circuit to analyze the influence of the number of transducers actuated as well as the arrangement
of the transducers. This experiment, pictured in figure 5.2, serves to provide insight into whether

the same drying perfmance can be obtained from a carefully arranged array of transducers.
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Figure 5.1.(a) CAD Rendering of the predgpe dryer utilizing the F100 transducers, @op
experimental prototype
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Figure 5.2 Packing density experiment with an arraytraihsducers adhered to a plate and
suspended from a load cell.

Seven different configurations are analyzed, where a saturated cloth with the same area as
the plate is dried to completion. These arrangements can be viewed in5figundiere a green
circle denotes an active transducer, and a red circle an inactive transducer. The drying curves for
each of these arrays are thpdotted together at their botaey weight. The movement of the curves
to the end point of the drying cycle is done to accurat@gpare the efficiency of configuration,

where differences in beginning moisture content are insignificant.
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