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ABSTRACT

ACOUSTIC RADIATION FORCES AND TORQUES ON ELASTIC MICRO RINGS

FATEMEH MALEKABADI

MECHATRONICS ENGINEERINGPh.DDISSERTATION,APRIL 2023

DissertationSupervisor:Prof. Serhat Yesilyurt

Keywords: acoustic radiation forgeacoustic radiation torquescattering fluid-

particle interactionfinite element method

Acoustic radiation forces (ARFgnd torques (ARTS), which arise from the scattering of
acoustic waves by suspended particles in a fluid, have attracted considerable attention for
manipulating particles in different fields. Considering biocompatible nature of acoustic fields
and their ptential biomedical applications such as handling biological cells, which can have

a variety of shapes, sizes, and orientations, it is necessary to study the ARFs and ARTs on
nonspherical particles. This dissertation analyses ARFs and ARTs onrshapged
microstructures subjected to a standing wave using a-flet@ment method (FEM). Two
numerical models are employed to study the viscous effects in addition to the geometrical and
physical parameters. Significant fluctuations in ART are observed for gpeaifibinations

of geometric and physical characteristics as a resonance indicator. Furthermore, effects of size,
density, and microstreaming on secondary ARFs caused byshattering of the waves from

its neighboring particles are investigated. Thelltegeveal that microstreaming close to the
pressure node can lead to attractive forces in the wave direction. Besides, the relative effect of
secondary ARFs due to salfattering is studied using segmentie) simulations. Moreover,

a comparison is madbetween FEM and chaof-spheres method, a redueedier and
computationally efficient model. The torque estimations deviate dramatically; however, the
rapid evaluations of forces match well. The thesis findings are applicable to development of
precise, efficient, and selective acoustofluidic devices for manipulation, trapping and
coagulation purposes for rifldge elastic microfilaments and slender bodies. These results also
can be used in directional reinforcing of Aslgaped composites.

iv



¥ZET

ELASTMKKK RO HALKALAR ! ZERKNDEKK AKUSTKK
KUVVETLERK VE TORKLARI

FATEMEH MALEKABADI

MEKATRONIK MUHENDISLIGI DOKTORA T E ZNKSAN 2023

TezDa n é Kk RrafrDé Serhaty e ki | yur t

Anahtar Kelimelerakustik radyasyon kuvveti, akustik radyasyoo r k u, s-a- €l ma,

par-acék etkilekimi, sonlu el eman
Akustik dal gal ar én bir akékkan i -1 nde aseé
kaynakl anan akustik radyasyon kuvvetl eri (
par-acéklareée manip¢gle etmek i -inulmweldoi lagi
Ve bi yomedi kal uygul amal ar én potansiyel.] {
i KI enmesi gi bi, -ekKi tli Kekil, boyut ve y°

tzerindeki ARF'leri ve ART'leri incelemek gerekir. Bia | & gbmsorlueelemanlar yontemi
(FEM) kullarearak d ur an dal gaya maruz kalan hal ka Ke
ARF'leri ve ART'leri analiz ed | mi Geaomietrik ve fiziksel parametrelere ek olarak viskoz

et kil eri i ncel emek i n-ankenk tBié keizonamsagpsesgas! olamalo d e |
geometri k ve fiziksel °czelli klerin belirl:i
gbzlani Kkt iAyr éc a, dal gal arén komku par-aceéekl ar
ikincil ARF'ler Uzerindeki boyut,¢ J unl uk ve mi kro akéekén et ki
basén- d¢j é¢mgne yakén mikro akéeékén dalga y°
koymaktadér. Ayreéeca, ikincil ARF'lerin kend
halkasing | asyonl aré kull anél arak incelenmixtir.
azal tel mécx sérale ve hesapl ama a-éeéseéndan
yamé&kn. Tork tahminleri ©°nemli ©°1 - gignelerisapéy
iy bir mektkd 1 deTex!|l leul gul ar &, hal ka benzer
groveler i -1 n manip¢l asyon, yakal ama ve peé
seciciakusta k e k kan ci hazl areéen gBuUi gbhutl ameshaékka
kompozitlerin y°nl ¢ takviyesinde de kull ane
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1. INTRODUCTION

Applying asuitable force to control the motion of fluids and objectsatroscale may be
based on, for instance, the transfer of energy and momentum from electromg#iueticser

etal., 2010; Cao et al., 202@ptics(Fan et al., 2014; Mallea et al., 201&)emical{Manjare

et al., 2013)(Yamamoto & Shioi, 2015)r acoustic wave@d-riend & Yeo, 2011; Rufo et al.,
2022) In this thesisthefocusis onthestrengthenin@f underlying theoretical understandings

of acoustic waves that can be applicable to life scgmbemistry, and material development.
The acoustic radiation force (ARF), the acoustic interaction force,len8tbkes drag from
environmental acoustic streaming all contribute to the motion of objects in acoustic fields in

fluids, known as acoustophoresis.

Acoustic radiation force (ARF) is a tiraveraged force exerted by sound waves on the surface
of obstacleslue to radiation pressure. Manipulation of microparticles using ARF has received
significantinterest in recent years due to its applications in a variety of figld&iding
medicine(Rufo et al., 2022)biology (Saeidi et al., 2020)maging(Wang, 2018)chemistry
(Chen et al., 2022)material science for particle filtratioffrakhfouri et al., 2016)sorting
(Wang et al., 2018)rapping(Li et al., 2021) handling(Laurell et al., 2007)mixing (Huang

et al., 2013) and pumping(JunaHuang, 2014)Ultrasonic manipulation is a contactless
methodwhich canmowe suspendeabjectsin a fluid (e.g., cells, bacteria, fibers, bubbles,

droplets, swimmers) to desired positions, such as lines or patterns.

In addition toARF, acoustiaadiation torque (ART) arises from the interaction of acoustic
waves with the particle and the transfer of angulamer@um, influencing the acoustic
manipulation. Along with the translational displacement brought on byARE, the
controllable rotation ofhe patticle by using theART offersan additional degree of freedom.
Potertial applications fosuch controlledotation,including diseasdiagnosis, micranotors,

micro-valves,andlab-on-a chip applications, would involve micro robotic tasks.

ARF and ART havewvidely been investigatedn simple particle shapeldowever, some of
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these studies have taken the complex shape of particles into ageoardlly viscosityof the

fluid was ignoredThus,amore comprehensive study is needed on particles of different shapes
that are utilized in different fieldsuch asiology, asbiological cells have various shapes,
sizes, and orientations in microfluidic chi@uch a study can also be helpfulr@nforcing
composites while orienting anisotropic particl€empositesknown asengineered materials
combine two or ma basic materials. Theharacteristic®f these constituennaterials as

well as their relative volume fractions and configurations in the material sylst@intothe
distinctive qualities othese composites. Composites can be created to theepecifc
geometrical, structural, mechanical, chemical, and even aesthetic requirements depending on
the intended purpose. These synthetic materials are used in a variety of industries, including
construction (for buildings and bridges), the automotive sector qar bodywork), the
aerospace and naval sector (for ships and boats), as well as biomedical fields.

The objective of this thesis is to characterize ARFs and ARTs orshiaged elastic rods
numerically, via a computational fluid dynamic (CFDhodel, an indispensable tool for
experimental design and optimization purposes. Proteins, DNA, algeteriapolymers, and
red blood cells are only a few examples of compressible objects that can be defdomed
ring-shaped structures. Examples of imagesnfriorevious studieselated to ringshapée

structuresare shown in kg 1.1.

Further, previous studies have mostly considered the effects of ARF and ART on a single
particle; however, in various applications, numerous particles interact with the acoustic field.
The interaction force, or secondary force, stems from the presence of multiple particles and
results inanadditional scattering thagninfluence the manipulatiorasks. Hence, in order to
obtainprecise manipulation in real tasks such as in vivo ultrasonic applications, further study
on the effects of ARFs and ARTs on multiple particles with irregular shapes is greatly needed
as acoustic fields have been widelypted in medical applications for their lsompatible

and nonrinvasive nature.

Moreover, an objeé& surface deformations and scattering in a viscous fluid result in
microstreaming (also known as acoustic streaming), which affects thetslmeetall ARF
Further investigation and understanding of microstreaming offer potential for more effective
use of acoustofluidic devices for handling particksch understandinigas a huge potential

to allow researchers to either suppress or manipulate microstigémserve useful purposes.
When studying microstreaming in microchannels, an inevitable physical phenomenon is the

viscous boundary layer,, a constrained area near a fhsidlid boundary where the fluid

16



velocity adjusts to the solid velocity. Nevertheless, the boundary layer experiences substantial
time-averaged viscous effects that cause microstreaming and dissipation. In addition to the
bourdary-driven streaming produced by the viscous boundary layer;dsiuk&n streaming

can also occur due twiscous processes outside the boundary layer. In a microfluidic
environment, this type of streamingas frequently disregarded in the literature, lag
demonstrated in this thesis, it magcrucial in many circumstancesth theaim of improving

particle manipulations.

0 { ”hl"?e%"\"‘g (v)
e
m
(N2 Q)N
(my

Large Particle Nanosize Particle
Matrix Matrix

(c) »

(e)

Fig 1.1 Some applications of ringhaped structurel) Active Brownian ring pofmer (Mousavi et al., 2019)

(II) sedimenting elastic ring&ruzietS § o mk a e t (lll)aParticle rednfbreedl rompositéggbo, 2021)

(IV) Rigid toroidal inhomogengj and its effect on compositésrasnitskii et al., 2019)V) Poloidal Flow and

Toroidal Particle Ring FormatiofRezk et al., 2014)YVI) Toroidal BubblegAlloul et al., 2022)

This thesis presents an analysis of acoustic radiation forces (ARFs) and torques (ARTS) on
ring-shaped slender microstructures under a standing wave hnaboinviscid fluid and a

17



viscous fluidusing ahreedimensional finiteelemerimethod (FEM) modelThe influence of
geometric and physical parameters on the prinagusticradiation forces, torques and
streaming is characterize@he primaryacousticradiation force is mainly caused by the
scattered wave on a single particle, whereas the secondary force is caused-bydtterag

of the waves from its neighboring particlés applications such as particle trapping, acoustic
cavitation, acoustic coagulation and precipitation of aerosols, and biological ultrasonics, this
secondary force is extremely significalmt.particular, the effect of microstreaming on these
primary and secondary forcesinvestigated in this thesi$he finite-elementmethod(FEM)

was usedo calculate the secondaagousticforces between two rings under a standing wave

in an inviscid and viscous fluid. Furthermore, the FEM results were compared with a reduced
order moe| called chairof-sphere4CoS), which worksverywell in estimating the radiation
forces at a fraction of the computational cost but deviates significantly in torque evaluations.
Lastly, a segmented ring was used to undadsthe relative effect of secondary forces due to

selfscattering.

The conclusions offer guidance for improving ultrasonic control in biomedical applications as
well as for the development of acoustic manipulation systems for biological cells afidging
elastic microfilaments with arbitrary forms and orientations. Adially, the ART produced

by ultrasonic standing waves can improve fiber alignment, and our findings can also be applied

to the directional reinforcement of composites in the form of rings.
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1.1.Background

Acoustic radiation forces (ARFs) are typically divided into two types: primary forces and
secondary forced.he primary ARF is mainly caused by the scattered wave experieneed by
single particle, while the secondary ARF is caused by the interaciimsig multiple
particles. Secondamnadiation forcesalso known as interaction or Bjerknes fora@asse when
other particleexistin a fluid mediumthat causes additional incident waves to be scattered

from the particles and +gcattering among the particl@3oinikov, 2003)

In a standing wave field, the primary ARF pulls the particle towards the pressure node or anti
node depending on the acoustic contrast fa¢kitri, 2010). Since the primary ARF is zero

at the pressure node, the secondary ABEomes the dominant force amay affect particle
motion and orientatioDoinikov, 1996) Secondary ARFs cause particles to attract or repel

one anther,which sometime$eadsto the formationof stable multiparticle structures.

In accordance with the numerical nature a$ thesis, seminal works for primaARF in an
inviscid fluid areintroduced first;studies on primanARF in a viscous fluid and secondary

ARFs arehen discussednostly through analytical and numerical studies.

1.1.1. Primary Acoustic Radiation Force in anlnviscid Fluid

Acoustic radiation forces (ARJ; which are caused by seceodler pressure and momentum
flux acting on a patrticle's surface in an inviscid fluid, are a versatile control for manipulating
microparticles such as cellSchmitt, 1929; Coakley et al., 1989a#ke et al., 2005; Peng et
al., 2020) dropletsand bubblegDeshmukh et al., 2014, Li et al., 202pparticles(Glynne
Jones et al., 2009; Gong & Baudoin, 2021; L-déxo et al., 2021 prganismgKvale Lavmo

et al., 2021)and colloids in microfluidic devicd&lynneJones et al., 2013)

ARF exertedon basic shapes like spheres and cylinders has received a great deal of attention
in the literature. King was the first to investigate the effects of planar progressive and standing
waves on incompressible spherical particles in an inviscid fldidg, 1934) Gor'kov
(Gor'kov, 1962)proposed a generalized potential for the computatigkR¥ for a variety of
applicatims in inviscid fluids, whileYosioka and Kawasimaextended King's analysis to

compressible spherg€¥osioka & Kawasima, 1955Simple analytical equations for ARFs
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under travding and standing acoustic wavesere provided by Hasegawa afvasioka

(Hasegawa & Yosioka, 1968nd HasegawgHasegawa, 1979jespectively.

Viscous effectson ARF have beertaken into account in the literatu(®oinikov, 1994;
Doinikov, 1994; Settnes & Bruus, 2012and thermal effects on ARRave also been
thoroughly studied (Doinikov, 1997; Doinikov, 1997; Doinikov, 1997; Karlsen & Bruus,
2015) which isdiscussed imetail inthe next section. For spheralbbjects, ARF has been
investigatedinder different arbitrary acoustic fieldganding waves and Bessel bedMari,
2008) travelling wavegJohnson et al., 20168paussian quasitandirg field (Wu et al., 2016)

a beam ofthe arbitrary wavefron{Silva & Drinkwater, 2018)and transient acoustic field
(Wang et al., 2021)

King (King, 1935)also modeled the acoustic pressure/eny thin andrigid disks; this theory
has beeriurther expanded for forces on digk§e & Wei, 2004) deformed drom@ts(Shi &
Apfel, 1996) cylinders(Haydock, 2005; Mitri, 2005; Wang & Dual, 2009; Cai et al., 2010)
andellipsoids(Marston et al., 2006 Subsequently, experimental resedodused onthe role

of ARF in cylindrical particle trappingMitri, 2006). For theARF of a Bessel beam on rigid
oblate and prolate spheroids, Mitri established an analytical forfiliia, 2015). Based on
seriesexpansion, Mitrievaluated the ARF and ARdn a viscoelastic cylinder in an inviscid
flow (Mitri, 2016).

Althoughsignificant research has used analytical solutions for ARF, numerical approaches are
required which avoid oversimplifications of the fluid and particle paetens. Numerical
studiesof ARF in the literature can beategorized into two types. THiest discusseshe
subject as a fluid mechanics problem, with the acofistit presenteds a flow field. In one
study, for example, the ARFs on cylinders were wated using a finite volumenethod
(FVM) (Wang & Dual, 2009) These findings were extremely consistent with the analytical
calculations; however, employing the Navi&tokes equations to solve for #tire flowfield

is very computationally costly. Such a method, therefore, is not practical, especially ifeonly th
radiation force computation is of interest. In another example, using adifiéeence time
domain method based on thagrangiarspecification of the flow field, the autho(&rinenko

et al., 2012xalculated ARF directly from ndinear governing equations; this method has no
restrictions on particle geometry and no excessively restrictive boundary condit@ansther

case, he boundarnelement approach was used by Wijaya efdljaya & Lim, 2016; Wijaya

& Lim, 2016)to investigate the ARFs and ARTs caused by acoustic radiation on spherical and

nonspherical particles.
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Fig 1.2. (a) Acoustophoresis of diskhaped microparticle@Garbin et al., 2015)(b) Scattering of acousti
wave from a small particl@Bruus, 2012) (c) Finite element model for calculation of radiation forces o

compressible sphe(&lynneJones et al., 2013)

In the second category of numerical simulations for ARF, perturbation methods are used to
solve the Helmholtz equation for the acoustic field, velocity, and fluid density. This method
is used to determine the ARF on a spherical particle in a standingiadeid by Glynne
jones et alfor an inviscid fluidshown inFig 1.2. b (Glynne Jones et al., 2013and for a
viscousfluid (Baasch et al., 2019Thesestudiesused a twedimensional axisymmetric
geometry that takes advantage of spherical symmetry to further reduce processing
expensesA threedimensional finiteelement model wasuggested bysarbinet al. to
calculate the ARFs and ARTs acting on d&laped paicles (Garbn et al., 2015)To
prevent outgoing waves from being reflected, their fluid domeas surroundedby
perfectly matched layers (PMLasshown inFig 1.2a; otherexamplef using PMLsare
showvn in Fig 1.3. However, studiesin the literaturereportthat proper radiation boundary
conditionsperform just as well as PMLs while requiring less computational effart
be seenn Fig 1.2c (GlynneJones et al., 2@&). In particular, for complicated three
dimensional structures like helices at high acoustic frequencies for which the resolution
of the acoustic field is more demandinghile perturbatiorbased methods are
computationallymore efficient the computabnal expensemay remain Recently,
Caldag& Yesilyurt (Caldag & Yesilyurt, 2020introduced the chainf-spheres CoS
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reducedorder model to calculate the ARFs on thin objects in inviscid fluids by
simulating the thin structure as a chain of tiny spheres, each of which has the same
volume as the corresponding segment of the thin dadhis approachthe sumof the
individual forces acting on small spheres was used to compute the overall radiation force
on the thin structurddepending on the incident acoustic wayee, this calculation was

done analytically based on eithane waverelated expressiorislasegaw& Yosioka,
1969)or planequaststationary wave formula$asegawa, 1979)n comparison to the
results obtained from the direct numerical solufimnthe object placed in aacoustic

field, this method was shown to be both incrediynputationally efficienand fairly

accurate.

1.1.2. Primary Acoustic Radiation Forces in aViscous Fluid

Computation of acoustic radiation force (ARF) in a viscous fluid is more challenging than for
inviscid fluids due to the emergence of nonlinear phenomena such as streamingfi@bich a
the momentum transfer between the acoustic field and the particle®ver,the viscosity

of the surrounding fluid plays a significant role in achieving precise, efficient, and robust
particle control in practical applications in medicine, biophg;siedustry, and material

science.

The influence of the viscosity and viscous boundary layer on thea&tig oma spherical
particle was studied initially by WestervélWVestervelt,1951; Westervelt, 1957)his
researcher calculated ARF for fixed spheres which vgenall in comparison to the
acoustic wavelength and viscous boundary layer. Later {rigk, 1983; Zhuk, 1984)
investigated ARF on a spheal particle thatvasfree to move in a low viscous fluid, but
similar to previous studieghis work ignored the compressibility of the particle and
acoustic streaming. Thaeuthors concludethat viscosity ould notbe ignored under the

condition of®!| 1 , wherd is boundary layer thickness,

1T i1 o%o
Subsequently, Daniloeonsideredacoustic streaming in a viscous fluid on a spherical
particle, but these analytical studies were for limited cases and disregarded, for example,
heavy particlegDanilov, 1985; Danilov, 1986 ARF wasderivedfor a rigid sphere in a
viscousfluid by Doinikov (Doinikov, 1994)for an arbitrary particlesize without any
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limitation on itsmovement. Later, the compressibility of the spherical particle as well as
the viscosity of the fluidwas regarded for computation of ARBoinikov, 1994) This

work was expanded to devel{ipoinikov, 1997)a general formula for a spherical particle

in a viscous fluid considering thermal effects. The formula from this work can be used in
any symmetric acoustic wave for any spherical particle with specific limitatioiis size

with respet to the wavelength and boundary layer thickrieds,wL _and®L | L _.

As a result of advancements in microfabrication technologies that enable the integration
of acoustic fields and microfluidic chips, ARF hd®come moreattractive for
manipulation of small particles. Thus, Settnes and Br(8ettnes & Bruus, 2012)
corrected analytically computed acoustic radiation force on a compressible spherical
particle in a viscous fluid tencompass any particle with L _. Their solution has
proven applicable to labon-achip applicationsthat manipulate micromete-sized
particles(Xie et al., 2019)Such gplicatiors includecell separatioifLaurell et al., 2007)
trapping(Hultstrom et al., 2007; Svennebring et al., 2009; Cai et al., 2@820)sorting
(Svennebring et al.2009) compressibility analysigFu et al., 2021)and ultrasonic
levitation (JegerMadiot et al., 2022)as inthese casels* WL _. Settnes and Bruus
developed their analytical expression based on the sewded perturbation theory of the
Navier Stokes equations for the viscous boundary layer giatiele, neglectingcoustic
streaming (secondrder viscosity). Thewtilized theGorkows analysifGor'kov, 1962)

for a compressible fluid far away from the particle and an incossjiie fluid near the
particle in the viscous boundary layer. They defined the acoustic contrast factor dependent
on the viscosity of the fluid as well as on the density ratio of the particle and its
surrounding fluid Then, Karlsen and BruugKarlsen & Bruus, 2015extended th
previous work by considering both viscous and thermal effects on droplets and

compressible particles.
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Fig 1.3. (a) Numericakimulations to find acoustic forces on rigid cylindéigang & Dual, 2009)(b) Finite-

element mdeling for calculation of acoustic forces on heavy compressible spBeasch et al., 2019)

Muller et al. created a mulsitep finiteelement modefor the acoustophoretic motion of
sphericalparticles suspended in a microfluidic device subjetbadtrasonic waves. To
determine the ARF, they first solved for fimtder acoustic fields, then us#uk first
order fieldto computethe secondorder fields. In order to compute the partiépaths,

the evaluated forces were then applied to tiiduiler et al., 2013)

Recently,Qiao et al investigatedthe ARF analyticallyon a compressible sphere in a
viscous fluid. They derived a general formula applicableeal applications in which
compressible spherical particlase freeto move in a viscouBuid; they confirmed their
theoretical results experimentallifor a compressible sphere, their experimearid
simulationsshowed thathe ARFis dependenon incident sound pressure, acoustic wave
frequency, and fluid viscosityr upeiQiao et al., 2021 Moreover, many researchers/ba
analyzed the ARF on rigid and compressible spheres exerted by different types of waves
that havethe potential for applications in various fieldscluding Bessel beartMitri,

2009) travelling wavegJohnson et al., 2016and transient acoustic fiel@d/ang et al.,

2021)

While the analytical solutions mentioned above are only reletieabasicshapesthere
aretwo main categories of numericablutionsthatcanbe used to determine tAdRF on
any shape. In the first method, the acoustic wave is introduced as a pressure &ave in
domain of compressible fluid t@solve entire flow fields under acoustic wavksough
the complete solution of the Nawi8tokes equation®©ne related stugyVang & Dual
througha 2-D finite volume methodased (FVM) modehssessed the ARIAd viscosity
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effects for cylindrical objectéWang & Dual, 2009) For variousgeometric parameters,
their conclusionsvere inexcellentagreement with their analytical computations. Their
simulation for a basic structure like a cylinder took hours to complete since the forces
were calculatettom thetotal solution of compressibledVierStokes equations) which
viscouseffectsled to enhancd ARF compared tanviscid fluids Also, Wang & Dual
developedheir numerical simulations to calculate the radiation force for rigid cylinders
in slightly viscous fluids to study the effectarbitrary wave type@Nang & Dual, 2011)

Their results showed that the ARF is much gre#itan in plane travelling waves
compared to plane stationary wavgsu t h o r s 6 soltiorg Whych dgreead with their

FVM numerical solutions for ARF and ART asderived basedroshear stress.

I n the second met hod of numeri cal sol uti
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nonspherical particles hagceived much theoretical interest. In one such study, Hahn et al.
numerically simulated the arbitrary shape of rigid particles in a viscous fluid to calculate ARF
and ART to predict particle motidiHahn et al., 2015)They used a senrainalytical method
alongside the numerical method to predict complex particle rotation and translation inside
experimental micralevicesln another numerical study, Pavlic et al. numerically examined
the influence of particle shape and density on ARF and microstredawjc et al.,

2022) They considered a spherical particle with protruding crowns on its surface. Their
findings showed a transition from viscous scattering to microstreaming dominance, which
resulted fronthe densitydependency nature of . In this study, a a deviation of the
particle from a spherical shape approached the thickness of the viscous boundary layer,
the impact of shape on viscous contributions to ARF decredtedauthors concluded

that theoretical models for spherical paes could approximate ARF reasonably under
such conditionsMoreover, they revealed thaxteemely asymmetric shape disturbances,

like crowns with sharp edges, nevertheless resulted in noticeable viscous contributions for

largedense particles of greatiran viscous boundary layer thickness.

1.1.3. Secondary Forces

Secondary ARFs among microparticles carchial in various applications, such as in the
design of microfluidic devices for particle manipulat{dfohapatra et al., 20183orting(Gao

et al., 2020) and separatio{Gao et al., 2020; VargaBménez et al., 2021)n these
applications, multiple particles are often present in the same region, and the interaction among
particles can affect their behavior and movement. Secondary forces can either enhance or

inhibit the primary radiatio forces acting on each particle.

In microfluidic devices for cell sorting, ARFs can separate cells based on their size, density,
and other physical properties. However, the presence of multiple cells in the same region can
lead to the formation of cluserand unpredictable particle motion, which can interfere with

the sorting process. A recent stu@yao et al., 20203howed that secondary ARFs had a
significant impact on behavior of particles in microfluidic devices. In this study, secondary
forces helped break up particle clusters, whitheeced separation efficiency. They proposed
several strategies to mitigate the effect of secondarysARkh as optimizing the channel

geometry and introducing secondary acoustic waves to counteract the primayOMerll,
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they highlighted thémportance of considering the effect of secondary ARF in the design of
microfluidic devices for particle manipulation and presented potential solutions to improve the

performance and accuracy of these devices.

Secondary ARFs can also play a rolenixing and stirring fluids in microfluidic devices. By
manipulating the secondary ARFs between micropartidegroup of particles can be
manipulated, sorted or separatadhich can have applications in areas such as drug delivery
and chemical synthesis. Therefpthe significance of secondary ARFs among micropatrticles
depends on the specific application and behavior of the particles involved. Invtesethe
presence of multiple particles can affect the efficiency or accuracy of the manipulation process,
theinvestigation and control of secondary ARfRay be necessary. The secondary ARF has a
great deal of importance in applications such as particle tragNimet al., 2017)acoustic
cavitation (Altay et al., 202Q)acoustic coagulatiofLi et al., 2014)and precipitation of
aerosols and biomedical ultrason{®¥ang et al., 2018; Wu et al., 2019)hus, predicting

secondary ARF has become critical in developing new precise applications.

In the lastdecadesecondary ARFs have receivashsiderablattention. Bjerkng' pioneering
work on bubblebubble interactiongBjerknes, 1906)n an inviscid flow with an analytical
expression for secondary ARF was followed by other studidsubble interactiorat both
short inter-distanceg Embleton, 1962; Zheng & Apfel, 1995; Doinikov & Zavtrak, 1996;
Doinikov, 1996)andat long inter-distancegZhuk, 1985; Doinikov, 1999oinikov, 2002)
Crum (Crum, 1975)investigated the secondary ARFs betwdubbles experimentally and
theoretically, demonstrating that the secondary ARF between air bubbleslataely small
compared to the primary ARF, especially at bubble radii of less than 1 mm. Zheng and Apfel
(Zheng & Apfel, 1995)derived an expssion for the secondary ARF between two fluid
particles. Doinikov and Zavtrak studied the secondary ARF between bybBleskov &
Zavtrak, 1995)and bubbleigid particles (Doinikov & Zavtrak, 1996)numerically and

analytically using multiple expansions.

Also, atinterdi st ances comparable to a particleods
bubble and a liquid droplet was studi@binikov, 1996) As the distance between the bubble

and the droplet decreased, the interaction force increased in magiiteden changed its

sign depending on the density ratio of the liquid to the surrounding fluid. vaiers c 0 s i t y 6
effect on bubbl esd i nt er(Bonikdv,d999; Doinksv, 2602)u di e d
The separation distance between the bubbles was assumed to be significantly greater than their

radii, and the surrounding medium was supposed to be an incompressibles Jigoa.
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Bubble translational oscillations, the vorticity of the linear scattering field, and acoustic
streaming were incorporated into a more precise formula for the contact forvas
demonstrated that viscous effects could lead rictables to repl one another across a
reasonably wide parameter range.

The secondary ARF on rigid particles was studied by Emb{&mileton, 1962and Nyborg
(Nyborg, 198%; they showed that repulsive secondary ARFs between rigid spheres decreased
with increasing distance betweehe particles aligned in a wave direction. Mohapatra
calculated the secondary ARFs for a pair of polystyrene particles within the Rayleigdmiimi
observed the same treflohapatra et al., 2018)Sepehrirahnama proposed an analytical
solution for both a single sphere and multiple spharesscous fluids subjected to an
acoustic standing wavsepehrirahama et al., 2015; Sepehrirahnama et al., 20h6)
contrast to previous analytical solutiofi3oinikov, 1994; Settnes & Bruus, 201®)at
were limited to a singlephereSilva and BruugSilva & Bruus, 2014¥suggested a general
analytical model for compressible particles with no restrictionthendistance among the
particles. Zhuk investigated the secondary ARFs between rigidespfor varioupropagation
directions ofincident wavgZhuk, 1985)

Few experimental studies have measured secondary @REs et al., 2008; Garci&abaté

et al., 2014) These studies showed that interacting with surrounding bubbles greatly
influenced bubble pulsation under an ultrasonic hdrme interaction between bubbles
significantly reduced the tendency of bubbles to expand during the ultrasound rarefaction

phase.
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Fig 1.4. Finiteelement modeling of secondary forces between spliidepie & Sen, 2020)

Despite a wide range of studies utilizing analytical solutions for secondary ARF calculations,

numerical methods are necessary to solve the problem witkietgimplifyingparticle size,

acoustic wavelength and fluid viscosity. The secondary ARF and ARWebe spheroidal

particles were calculated usitige boundary element method (BEM)time literaturgWijaya

et al., 2018) Their numerical findings demonstrated that, as in tise oh two spheres, the

secondary ARF predominated over the primary ARF when the spheroids were close to the

pressure nodal plane. On the other hand, even when the spheroids were close to one another,

the interparticle torque was negligiitemparedo theprimary torque. These findings also

offered a preliminary analysis of how biological cells, the majority of which are not spherical,

agglomerate and arrange themselves close to the pressure node. Recently, Hoque et al. showed

that secondary ARFs betweerhsepeswith different geometrical configurations depended on

the distance between the particles relative to the direction of acoustic waves with experiments

and numerical analysis usitige FEM method as shown irFig 1.4 (Hoque & Sen, 2020)

Another study compared two numerical approaches for calculating secondary ARFs on small

spheres(Simon et al., 2019)Both of these approaches were based on the-&tetaent

met hod:

one

of

t he

met hods (Gotkov] 1062md2DGo r 0 k «

axisymmetric geometry, while the other used a tensor integral method for the evaluation of the

force in D geometry. The evaluated resultdoth models matched the analytical approaches.

29



Fluid viscosity, another critical factor, was considered usingreatytical approach by other
authors (Sepehrirahnama et al., 2016)hese researchers observed that secondary ARF
increased when the viscosity of the fluid was considédedever, they found it challenging

to incorporate all the abovementioned factors using analytical approRevesitly, the effect

of microstreaming on the secondary ARF between elastic sphentialggawasinvestigated
numerically(Pavlic et al., 2022)It was illustrated that the microstreaming near the pressure
node ould result inattractive secatary ARF in the direction of the standing watene or

both particles are smaller or comparable t&imilar behavior was demonstrated when one

of the particles' densitywassufficiently greater thathedensity of the otheparticle
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1.2. Novelties of the Thesis

Despite widespread acoustophoresis applications, understanding the underlying physics
behind ARF on norspherical particles still needs to be completed, and further research is
required to utilize its potential fullysince particles in real life frequepnthave norspherical
shapes, a comprehensive study is needed to predict the motion of such. dlgeastic
radiation forc ARF) and torqu€ ART) on rings are complex phenonaghat have not been
studied in the literatur®ifferent models are utilizedtcompute the relevant ARFs and ARTSs

in both inviscid and viscous fluids to fully understand the motiofieafble rods and loops
such agings subjected to acoustic wavéfe presenthesis aims to investigate the effect of
different parameters, such @scosity, geometry, and physical parameters, oPARE and

ART actingon ringsandthe secondarftRF that arise between rings. The novelty of this thesis
lies in its comprehensive investigation of thBFsand ARTs onrings It provides insights

into the behavior of shapes that are more complex than spheres and cyliideinsnay have
applications in fields such as cell manipulation, in which thedcell sié aftpnemore
complex than a simple sphera this dissertation, the influence of viscositgcluding
microstreaming, on ARFs and AREsting on rings in a standing wavis numerically

analyzed.

In addition to viscosity, the geometand the materiadf the ring as a representative of elastic
properties of the structures also a crucial parameter that affe&®F andART. This thesis

aims to investigate the effect of different ring geometries on ARFART, including minor

and major radii and orientatiofiheseresults may have applications in the design of acoustic
tweezers, where different geometries may be used to trap or manipulate particles of different
sizes.Furthermore, the present thesis also considers the effect of physical parameters such as
frequency, contrast factor, and phase of the acoustic was&Brand ART actingon rings.
Investigatingthese parameters and their interaction with viscosity and geometry may provide
a complete understanding of the behavior of acoustic forces and torques omrarggher

study, theARF and ARTresults ofthe FEM metha are compared with theomputational
chainof-spheresapproachon the ringswith various materialsThis method reduces the
computational expenseomparedto the numerical methods ofD3structures,while the
computational cost ithe FEM method is a critical restrictioithen, selscattering behavior
between segments of the ring using the FEM method showed thatatring between the

segments does not significantly affect local forces. In contrast, the elastic behavior af¢he ent
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slender structure has a more significant effect.

Another novelty of this thesisits focus on the interaction forces between rings. The influence

of viscosity, microstreaming, and elasticity on secondary ARFs between rings are investigated.
The resuss of this study may have applications in fields where the interaction between particles
and their neighboring particles can affect the efficiency and accuracy of the manipulation
process and control of multiple particles. Furthermore, this stod§ribues to a better
understanding of the underlying physics of microstreaming, which essentiafactor in
various applications such as mixing and stirriligds. Overall, investigatig the interaction

forces between rings and their dependence on diffpegatmeters representsignificantand

novel contribution to the field afcoustofluidic.

In summary, the novelty of this thesis lies in investigating the effect of viscosity, geometry,
and physical parameters on primary and secondary ARF and ARTigm By considering

these parameters simultaneously, this thesis aims to provide a comprehensive understanding
of the behavior of ARF and ART on complex shapes. It may have applications in various
fields, such as cell manipulation, acoustic tweezers, c@areparation, and composite

reinforcement.

The findings of this thesis have resulted in several publications that are provided below:

1 Malekabadi, F., H. O. Caldag and S. Yesilyurt (2023). "Acoustic radiation forces and
torques on eldE micro rings in standing waveslbdurnal of Fluids and Structur&$8:
103841.

1 Malekabadi, F., H. Caldag, S. Yesilyutfcoustic radiation forces and torques on
compressible micro rings in standing wavesAPS Division of Fluid Dynamics
(DFD) Corference November2022), Phoenix, AZ

1 Malekabadi, F., S. YesilyurtNumerical Determination of Primary and Interparticle
Acoustic Radiation Force Between a Pair of Rings in a Standing Wave, International
Ultrasonics Symposium (IUS 2020), Las Vegas, Nevada
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2. Methodology

This chapter briefly introduces theumerical methods used to simulate ARF and ART
computations in viscous and inviscid fluids. The aim of this thesis is not to develop these
computational techniques. However, instead, the methods are implemented to investigate the
impact of various parameteon behavior of ringhaped particles. Moreover, the governing

eqguations used in the numerical methods are presented.

2.1. Governing equations

Generally, the conservation laws of mass, momentum, and energy can be used to generate the
governing equations #t describe fluid motion. However, in this thesis that thermal effects
are not considered; the Navi&tokes equations govern the fluid motion:

"0 np " 0th v N O T 4nto (o)

and the continuity equation:is
AR Y ¢z,
whereuv is the velocity field-, andf are dynamic and bulk viscosity, respectivaije fluid

density,”, is a finction of only pressung:

g Yo}

2.1.1. Perturbation Theory

The linearized compressible Nawi8tokes equations are utilized to calculate the ARF on
small particles in fluids as it was used in the literature (lgnneJones et al., 2013; Baasch
et al., 2019)If thermal effects are disreghad, the density is only dependent on pressure, p.

The perturbation method requires expanding the physical fields in series:

RE- a
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whereu is the velocity vectorp is the speed of sound inside the fldicandr) are the fluid's
density and pressure, respectively. The subscript O denotes the values in a quiescent fluid, so
0 T The subscripts in the terms denote the order of the terms. If all the fields inside the

fluid are timeharmonic in the first order, tHest-order fields can be written as follow:

" i " 1 Q C
nim o 170 ¢y
o il o0 4o

where"Qis the frequencygis the time, and  ¢“ "G the angular velocity of the acoustic

field; the acoustic wavelength is defined as @ 7'Q

2.1.1.1. First Order Perturbation Equations

Firstordercontinuity and Navier Stokes equations are resulted from replacing therélest

perturbed fields in the governing equations of Egg)(and €Z£,) (Glynne-Jones et al., 2013)

T ” ” n-toﬁ CZ)T[
"1 0 O -y anto ¢hp
"t o Gn REIAIET O EEG AGEEAA T X

the time derivati ve o sindetnhoet eedx pbrye stshieo ns.ub s c

2.1.1.2. Second Order Perturbation Equations

The timeaveraged secorarder continuity equations and Navier Stokes equations are

obtained by replacing the seceadier expansions in EqQ¥4 tand €24 p,
"nfeo O nid o O ¢ho
Ny fanftwd O T 00 "oy invO Pt
nMNO @1 o0 " oo tnod@ AIAGET OEAAFHRA nt % v
@ @ shows the time average over a full periodf, described as
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2.1.2. Deformation of Solid Particles

Newton's second law provides the equilibrium equations for solid mechanics steting
balance between forces and changes in motion (linking the body forces and stresses). Stresses
and strains vary throughout a material relatingios p| ac e ment t Tfypi@llygh Ho ¢

Hooke's law for linear elasticity is expressed as follows:

. 0g P o

The constitutive tensor C is a fowinder tensor in this case, while the strgssand strain
tensors,- are secongrder tensors. A contraction spanning two indices is indicated by the

character ":". The same equation can be written as follows in a notation where the indices are

displayed:
. 0 - P X
Using Einstein summation convention
; 0 - e ll
Typically, motiondés equation is efdlpws:essed i
1.0 ntL "0 W
o P

where "Ois a body force per unit deformed volume, &nds the density of the solid material.

2.1.3. Boundary and Coupling Conditions

In acoustics, the specific asstic impedance of a materiad( ” 3 represented by the
subscripts 1 and 2, defimthe conditions at a planar interface between materials 1 and 2. By
using the reflection’Y ) and transmissioriY ) coefficients for the pressufeenshof et al.,
2012)
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respectively, which are held for an incident plane wave originating from material 1 and moving
in a direction normal to their interfac&. and”Y can provide information on the kind of
boundary condition that could be used to replace one of the ata@mains in the modétg;

To explain further, fotY p at the watedir interface, the acousticalgoftwall boundary
condition can takehe place of the air domajrwhich impliesry 1 on the water at the
interface; On the other hand, fof  p, where the water domain is being substituted, the
acousticallyhardwall boundary condition is applied to the air at watirinterface § t 0

1t enforced on the air, whichis a unit vector normal to the interface).

The acousticalhhardwall boundarycondition for viscous fluids corresponds to thesfip
boundary conditionfurther restrictingthe velocity component tangential to the interface.
Additionally, the neslip boundary condition is applicable when the system is being
constrained through vetity by equating the fluid's velocity to the interface's velocity at the

interface.

Moreover, when two materials are modeled, coupling conditioast be applied at the
interface. Typically to couple a viscous fluid and a compressible solid, continwigjaufity

and stresses are assumed at the inteif@oeikov et al., 2017)Similarly, to coupé an

inviscid fluid and a compressible solid, normal velocity and normal stress components must
be matched, and the tangential component of the shear stress in the solid must disappear at the
interface (Jr., 1951)

2.2. Acoustic Radiation Forces on a Ring

A physical phenomenon known as acoustic radiation force (ARE)re when an acoustic
wave interacts with an obstruction in its path, disturbing the pressure and momentum transfer.
Acoustic Radiation Force (ARF) consists of two kinds of forces: primary and secondary forces.
Primary forces arise when a single partmlesents in an acoustic field and directs the particles
away from the sound source. Secondary forces result from additional scattering from the

multiple particles in the acoustic field that will cause attraction/repulsion between particles.
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2.2.1. Primary Acoustic Radiation Forces

The pressure field on an objécturface is used to compute the force of acoustic radiation
acting on it. The pressure field is evaluated by solving Helmholtz equations. The equation for

a onedimensional wave is:

—a
J‘

-
~£T_Or] L C4 p

Q-
e

where is the souné velocity in the fluid, t represents time, z is the component of the
Cartesian coordinate system, and p is the acoustic pressure. The solutiayiverttezjuation
is:

n nOEN 6 Qa ¢Z ¢
in which the pressure wadeamplitudey),, the wave number i©) —, and the angular
frequency i3 ¢* "CA tiny object will disturbthis acoustic field, and the overall pressure
will have a background and scattered companent

n n n & o

Many authors have preferred the perturbation theory for calculating the acoustionadiati

force due to its efficiency and accurd@lynne Jones et al., 2013; Garbin et al., 30Baasch
et al., 2019)

2.2.1.1. In aviscous fluid

The timeaveraged acoustic radiation force can be calculated by an integreagictie particle

surface’Yo :
O , L€ QY CL T

where, is the stress tensor f@ phchoandQ phcho, & isj-th component athesurface's

outward normal vectoand 08 Gshowsthe time average over tatal period and repeated
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indices imply summatiar-or a viscous fluidyy integrating over a fixed surface surrounding
particle, one can get the tiraweraged acoustic radiation fonge to second ordé€boinikov,
1994)

"0 9 moU t=OQY cZ v
The subscript of is not to be confused with the doulligit notation at Eq.q% ), where

the subscript indicates the order

» NO-n0 "o L ¢

2.2.1.2. In an inviscid fluid

For an inviscid flow, the viscosity is set to zero, so the secoder stress tensor is obtained
as(Bruus, 2012)

A A A A Poa & A o A
, O & ———0 O —C OO
Q al c,,wq] C@@ C& X

The simplified timeaveraged acoustic radiation force can be written as:
"0 A moo t=0QY CZ

wherer is the outward normal vector of the surfadéheneverwo vectors are next to one
another as@ U Gare in Eq. ¢2 Y, the tensor product is impliedndbelow is theformula

for the timeaveraged secorarder acoustic pressure:

A A P . ~ N
N O —0) 0 —C 0 ()
a c,,wm COS)S 4

2.3. Acoustic Radiation Torques on a Ring

Time-averaged acoustic radiation torgra be computed from the following formulae
T 0 QY Ch 1

where’l represerd thelocationof a point on surfacé’ and™l r e pr e s e cebhtexof-r i ng o6 s
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2.3.1. Secondary Radiation Forces on a Ring

When O is written without a subscript, it should be inferred that the force is in the
propagation direction of the acoustic wave and it is for a single ring pmigary face The
secondary radiation force is calculated with a set of two computations for eackicstsa.
single ring is placed in the domain to obtain the primary radiation fd@ce, Secondthe
second ring is placed in the domaivhich allows usto calculate the total radiation force,
"O . The secondary radiation foré® is the difference between the total and primary

forces:
0 0 0 & p

where'O and™O are obtained from Eq$c4; Y and(¢Z&; (for the viscous and inviscid

fluid, respectively. In this studgecondaryadiation forces in the-direction are investigated

2.4.Finite Element Method Simulations

The primary and secondary radiation forces on rargsanalyzedsing (FEM) model built in
the @mmercial finiteelement softwareCOMSOL Multiphysicsto solve the governing
equations numeraly to obtain acoustic radiation forces and torquihk the givenformulas

in theprevious section

2.4.1. For an Inviscid Fluid

Calculating ARFs and ARTs over rings or torus analytically is quite challengiptame
acoustic fields, especially when the ring is inclined relative to the plane of propagation.
Therefore the finiteelement methods employed which can accurately de#ee intricate
threedimensional structures like rings and is reliable when applied to linear probdems.

elastic ring with a major radiu¥ and a minor radiug)is positioned in a fluid domain while
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being rotated by an angte-around the jyaxis schenatically shownin Fig 2.1. Using the
COMSOL Multiphysics program, a thre@mensional finiteelement model of the ring is
created.We employed timénarmonic formulas in the frequency domain for the pressure
amplitude in the fluid and the displacement amplitude in the elastic solid under the assumption
of a planar background pressure field in thdirection that depicts standing wav@sme-
averagedorces (ARFE) and torques (ARJ) can be calculatefiom Eqgs.(¢4 Yand(c¢4 it

when Y is ring surface To provide a standing acoustic field without any reflections, planar
nonreflection radiation boundary conditions (NRB&£§ utilized( COMSOL,; Givoli & Neta,

2003) Because comparisons between NRBC and PML conditions reveal insignificant
differences, planar NRBC isecommended over perfectly matched layers (PML) for
computational efficiencyfFurthermore, the domain size is significantly larger than the ring
size to maintain optimal acoustic field resolution by keeping the boundaries away from the
ring. The sphericalnd cylindrical fluid domains were compared to the cubic fluid domain,

but no discernible differences were found.

The physical and geometric parameters utilized in the simulations are listed in Tables 2.1 and
2.2. To investigate the effect of rigidity omé ARFs andARTS, polystyrene, copper, and
aluminum rings are simulated as a solid domain in a fluid domain made up of water. The

primary and secondary speeds of soundando, are applied in the equations of linear

elasticity to define the solid pecles (Graff, 2012)

a) b) ©)
| ] Fud
e Domain
= T
S ——— ‘ y
2a t : - ‘JZ /J
| el

Fig 2.1. (a) Geometric parameters of the ring. Rihg is positioned inside a fluididomain with radiation

conditions at the boundaries in the simulation dom@jRing rotation angle depictiop-
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Table2.1. Fluid properties and geometric parameters for the reference ring.

Parameter Symbol Value Units
Fluid density ” 998.2 Kgm3
Fluid compressibility I 476 p Tt pat
Fluid speed of sound o 1482 ms?
Pressure amplitude M 100 kPa
Minor Radius ® 3 Ca
Major Radius Y 25 ‘a

Table2.2. Solid properties of materials and the geometric parameters for the reference ring.

Parameter Symbol Polystyrene Copper  Aluminum  Units
Particle density ” 1050 8930 2700 Kgm3
Particle compressibility Il 4.25e10 8.26e12 1.42el1 Pat
Longitudinal velocity @ 2400 5010 6420 ms?

[o%

Shear velocity 1150 2270 3040 ms?

The pressure acoustics module is coupled with the solid mechiantidsle inCOMSOL,and
a nonreflecting boundary condition (NRBC) is implemented to absorb the outgangs.
Backgroundpressurdeads tothe acoustic field, which is imposed as a standing veankis
definedas follows:
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wheredis the axial position with respect to the direction of wave propagaiisrthe acoustic
wavenumber, an@- is the phase anglelsing acoustigtructure Multiphysics in COMSOL,
thefluid domain is coupleavith thesolid domairby applyingpressure from the fluid domain

as boundary load onto the solid aratceleration from the solid domain a&sundary

acceleration onto the fluid at the sefldid interface.

2.4.2. For aViscous Fluid

To solve the problem numerically in COMSOL, we used the following approach for the

viscous model:

The predefined interface othermoacoustighysics coupled with sm mechanics physics
through thethermoviscousacoustiecsolid interactioninterface isused to calculate the first

order acoustic fields of Eqs;4 it and(¢d pa perfectly matched layer (PML) is applied to
truncate the computational domain and ensure that the wave is not reflected back from the
domain boundariesas shown inFig 2.2. The acoustic field is imposedirectly in
thermoviscousacoustic interfaceas a standing pressure field via background pressure and
velocity, defined as

n NnAT @a Q4 Do
0 QQOENG Q& Ch 1
wher ais the axial position along the wavepagation direction ari@ ds the phaseQis the
acoustic wavenumber amd is the potential amplitude
n
. — ¢H L
ar B :

T
== 0

N is the pressure amplitude, and k, viscous wavenumilefirsed agDoinikov, 1994)

L
o

. p Q-

(o)

o

Thethermoviscouscoustics interface is switched into theadshitic mode. This will simplify

the governing equation to the viscous problem (othepwise thermoviscous, including the
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energy equation, etc.). Thermosasis acousticsinterface should use at least quadratic
Lagrange elements for pressure and cubic Lagrange elements for velocity (temperature is not
solved for, as we use adiabatic formulation, so it da¢matter). The order should always be

one higher fovelocity to ensure numerical stability based on the information from COMSOL.
Further, heat capacity is set to 0 and the ratio of specific heats to 1 fineth@oviscous
acoustics interface settingshe continuity of velocity and stress are imposetiafluid-solid
interfacesln an unlimited fluid, the firsorder fields are assumed to converge to background
fields far from the particlewith frequency domain study, the firstder acoustic problem is

solved inthefrequency domain.

Then, helaminar flow interface is implemented onto the fluid domaktluding the particle
and PML domainto calculate the timaveraged secororder fields by modifying its
governing equationby addingthe righthand side of Eq(¢4 ) asvolume forces to the
domainand imposing the following boundary condition at theship fluid-structure interface
through wall boundary condition

w0 o6 vaesa vo Ch X

where the negative Stokes drift velocity on the Figaihd side oEqg. (¢4 ) compensates for

the firstorder ostlations at the interfacdJsing thepressurepoint constraint,the streaming
problemis limited by setting the secorarder pressure field to a fixed value at any point in

the fluid domain.To improve the discretization in the Creeping flow interface, P3+P2
discretization is set to thentiredomain cubic discretization for the velocity to capture the
streaming phenomenon in the viscous boundary layer and quadratic discretization for the
pressure.The acoustic radiation forces are determined using &&. §f with the firstorder

fields from the thermoviscous acoustic interfaaad the secondrder stressensorfrom the

creeping flow.
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Fluid Domain

Pressure Standing Wave Direction

: N g | / Particle

Fig 2.2. Viscous Simulation domain with the ring placed inside a fluidic domainRWh, nonreflecting

radiationconditions at the boundaries.

2.4.3. For a Pair of Particles

Primary and secondary radiation forces between a pair of equal and usegdatingsare
analyzedas shown inFig 2.3 using a 2dimensional, axisymmetric finitelement method

(FEM) model built in COMSOL Multiphysics (Chedkg 2.3 for the representation of the 3
dimensional geometry in-@imensional axisymmetric configuration). In the arrangement
shownin Fig 2.1a-c, the ringsare axially placed in the direction of propagation of the standing
acoustic wave at the same radial position. The second ring is placed away from the pressure
node in a symmetric fashion with respectito 1, separated by a total distance of d fria

first ring positioned at the pressure npdge showrn Fig 2.3; d is defined ashe surfaceto-

surface distance between the particlege major radius is identified withf, andwsubscript

is added to identify the ring in reference, as showfg 2.3c.

The secondaryacoustic radiation forces are determined using Efp p with primary and
total forces computed from EqZ, vand¢Z, corresponding to scous and inviscid fluids,
respectivelySecondary forces arose frohretrescattered waveSilva & Bruus, 2014and
interactions between the two particles' acoustic microstreaming (&dgehrirahnama et al.,
2016) The FEM model is built based on tHescrptionin section2.3.1 For any parameter

set, computing the secondarydes for the two particles necessitates three simulations: one
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simulation containing both particles and two sirgéeticle simulations, one for each of the
two particles. Axial symmetry can be used with the problem's definition, iregemmputing

expenss.

a)

| gna particle C) 10

o 150
v 100
Perfectly T — 5
Matched a 50
Layer N E o
; 5 ojed 0
N
-50
. -5
1t particle
-100
-150 —
1~ | 0 50 100 150 200
T rlpum]
Fluid
Domain

Fig 2.3. Depiction of simulated geometries. {&) show the configuration where the rings are placed a
the propagation axis of the acoustic field and. (a) depict-thimm8nsionafjeometry, (b) show the arrangeme
of the rings alongside the geometric parameters and (c) show-dhmseBsional, axisymmetric domair
simulated with the standing acoustic field. Note that the ring or domain dimensions are not to the sca

2.4.4. Mesh Convegence
2.4.4.1. For anInviscid Model

To investigate mesh convergence behavior of the FEM model, ARFs are determined over a
polystyrene ring using Eqc¢%; § with implementing first and seconarder velocity and
pressure fields. With usin@ @0 "Odthe lowest wavelength is obtainedsulting in the

most restrictive study in terms of mesh element sizes.

Table2.3. Geometricparameters of the ring used for the convergence studies of the 3DnieE.

Parameter Value
Minor Radius o«
Major Radius cb a
Rotation Angle mJ
Frequency 6 MHz
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Fig 2.4. Mesh on a) a ringarticle,b) fluid domain.

Figs 2.4a and2.4b depict the ring geometry and the simulation setup, respectivlye a

free tetrahedral mesh is preferred for the fluid domain, the swimmer shegeshedvith

free triangular component$ables 2.1 and 2.2list the characteristics of the materials used in

the thesis. Table 2.shows the geometric parameters used in the mesh convergence studies.
Although the model has been refined to the point where thiersoéeds more than 300 GB of

RAM, the initial testing with the ring model produced raomverging results.

Further analysis revealed that the ring's and the domain's meshing should differ significantly:
Although the elements on the ring should be as Isasaé few microns for an acoustic
frequency of 2 MHz, yielding an element size to ratio clopg¢ort,the model is insensitive

to meshing in the fluid domain beyond the element sizg of For the geometry with the
parameters given in Table32the conergence is reached at roughly 1.2 million degdes
freedom (DOF)according to the convergence curve suppliedgr2. Thus, calclated force

values are more sensitive to mesh density on the surface of the ring than the mesh in the fluid

domain away from the ring.

Regarding computed forces in thedizection acquired from the finest mesh, a relative

convergence errdis computed

0 o h
h

Q 0

O Y
The results of the convergence investigation for a polystyrene ring in water are shown in Fig
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2.5. The relative error is less than 2%for 1@t 11_G corresponding t0.25 106 degrees of

freedom and is used for the remaining simulations given here.
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Fig 2.5. Convergence 6D with respect to the degrees of freedom.

2.4.4.2. For a Viscous Model

A mesh convergence study is performed on the FEM model to ensure the accuracy of the
calculations. The fluid and solid domains are meshed using triangular elements of quadratic
order for pressure and cubic for velocity éoproperresolution. To improvehe resolution of
high-velocity gradients, a denser mesh is used inside the viscous boundary layer domain near
the rings. The element size of the mesh is set to a fixed v@luathin the viscous boundary

layer, and a maximum element size of @& applia@ to the fluid domain. The acoustic
radiation force in the-direction (O ) is depicted inFig 2.6 for decreasing mesh element

size] TQwherg is the thickness of the viscous boundary layer. A relative convergence error

is calculated with respect to the result from the finest messrigliows:

.0 o "
2 Al AE@IAS 5T o W
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Fig 2.6. Mesh convergence studies with respect to the maximum element size

As presented inif. 2.6, the results become insensitive to the meshing villlen ¢&
(Relative error is less than 1% for smalt@f ). Thus, we use a mesh with the maximum

element size 62 ¢&) for the rest of the paper.

2.4.5. Validation and Verification of the Model

While no prior work has studied radiation forces on rings, the force values are compared on
structures published in the literature to validate the mddh.following three comparisons

are madein the first comparisorthe radiation force on a ring and cylinder are compared
following section 2.41 for the inviscid fluid caseln the second comparison, the acoustic
radiation force on a sphere is compared with the findings in the Uiterfatr the viscous fluid
modelbased on the model described in section 27h2 third comparison is with the data

from the literature on the two spheres' secondary force, based on the method in section 2.4.3.

Initially, a @ dadiameter polystyrene sphe is placed in a standing acoustic field wjth

p TR0 &nd’Q ¢ O "'OdComparedo our 3dimensional model, which calculates a radiation
force of T® ¢ (U Hasegawa's modéHasegawa, 1979jields a value of® X ® U The
FEM model and the HasegaWldasegawa, 1979nodel's relative percentile error is 1.21,

which indicates high accuracy.
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Table2.4. Comparison of @limensional FEM model results with the literature

Evaluated Term O

FEM Model 0.569 pN

Hasegawa Analytical 0.567pN

The model is then validated by comparing the ARFs for a copper cylinder with an equivalent
length and crossection to the ring whetd pti . Tables 2.1 and 2.2list the remaining
geometric and physical parameterspdoged in the simulationd’he magnitude of the ARF
computed on botparticlesusing Eq. £, Jis compared in Fig.7a.In themost tested cases

the ARFsmatchand only start to diverge somewhat at laggeorresponihg to a ring that is

less resemblarthana cylinder ago© ‘Y.

Secondy, to validate the viscous modé&) is calculated for a copper sphere with a radius

of p* dpositionedat_j Yfrom the pressure node (between the pressure node and the antinode)

in water. The agreement of the proposed FEM model in seZdoB refer r ed t o as 0
and Doi ni KDoimikpw 1986dsadtowninFig2.7b . Doi ni kovbés theor
first and second-order viscous effects as microstreaming around the sphere in the viscous fluid

and our numerical results support the secander viscous theory of DoinikofDoinikov,
1994)

6 ; (a) r 0.8 r ()
Ring o 0.7b Doinikov
5f |rereeemeen Cylinder 1 “| |- ©- FEM
4 L
=
£
33
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2 3
1 3
0 A . ; , ,
0 5 10 15 20 0 5 10 15
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Fig 2.7. a) comparison of our numerical model for a ring and cylinder in water b) ARF versus frequenc

sphere in water compared with analytical results considering viscosity effects
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Lastly, thesecondaryorceversughe dimensionless centt-center distance between spheres
(D) in an inviscid flow for a pair of particles with different sizes is compared with Hoque
and Sen Hsque&Sen 2020Rs shown irFig 2.8. The model parameters areths
reference parametefidoque & Sen, 2020 he resultare ingood agreement fanostcases,

and the difference can be tracked back to the different meshasidejuality at lowdD .

8 T T T
----------- 10m sphere(10:30)
10um sphere(10:30)- Reference
6 B 30.m sphere(10:30) .
e, O  10pm sphere(10:30)-Reference
., 20.m sphere(20:30)
4r ., 20.:m sphere(20:30)-Reference | |
"~.* ------------ 30pm sphere(20:30)
L e #  30um sphere(20:30)-Reference | |
""""" N
. A T——y *
=4 e BN 7,
=00 ® Qi 8 .
W@ e le)
-2+ -
At §
Bt 4
_8 1 1 1
0.25 0.3 0.35 0.4 0.45
kd

Fig 2.8.The comparison of theecondaryforces between spheréspheréd.: spherg). Dashed lines are th

simulation results, datapoints are from Hoque and(Beque & Sen, 2020)
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3. Acoustic RadiationForces and Torques on a Ring

This chapter reports the effects of ring geometrical parametehsding ring major and minor
radii, orientation, and its position in a standing waore the acoustic radiation force (ARF)
and torque (ART)n a standing waveBesides, thafluence of thephysical parameters such
as frequency, density, and viscostytheARFs and ARTSs acting on the riage investigated.
Unless otherwise stated| @esults presented here use geometnid physicaparameters from
Tables2.1and 2.2

All the results are provided in dimensional terms in accordance with studies litethture
(GlynneJones et al., 2013; Garbin et al., 2015; Baasch et al., .28b%)ever, Appendix A
provides a thorough dimensional analysithe ARFs and ARTs on a ring using analytical
solutions for sphere3his studyhelps clarify the influences athe ring éodentation, position,

and geometric features

31.Ef fects of the Ringds Pl aceme

First, the effects of thposition of the ring relative to the pressure field on the ARF and ART
are studied.For a horizontal 1) and rotated o f) polystyrene ring,the
correspondingO  profiles are depicted iRig 3.1c, while the pressure nodes and values with
respect t@a are given irFig 3.1a andFig 3.1b. ARF depicts a sinusoidal tremelgarding the

ring position in the standing wavAs demonstrated in Appendix A, the dependenc®of

on the position follows a sine profile. Additionally, the influence of orientation is insignificant
on the ARF as deviations of ARF amotated ing from a ring that is not rotatee{ ) are
negligible sincéyr_ 18t o oLy p. Asshownin Fig 3.1c, ringsthatexperience positive ARF
close to multiples of  _Jt, pressure nodes, are pushed to those nBdéspressure nodes
and antinodes are equilibrium position for the ring, howewdy pressure nodes are stable

positions asO niforaq _j T and viceversa.

As shown inFig 3.1a, the maximum ARF is observatia distance of /iy from the pressure
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node3a _Ty. The torque values on the ringkig 3.1d shows zero torque at 1 &nd a
negative (restorative) torque for alivalues at— o ft Appendix A (Eg. A8) demonstrates
that the tilted ring with— o ft has a cosine dependencegarding position. With the

maximum happening atd _Tt for ART, the force and torquerofilesare out of phase.
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Fig 3.1. The radiation force and torque with respectddn a standing wave on a horizonta-( 1) and tilted
(— o ) polystyrene ring in water for'® ¢ 0 "Oda) Color plot of the pressure amplitude, b) Changg of

with respect t@a and the corresponding € and d)t  profiles.

Further, the works extended to consider the viscosiitycluding the first and secondrder.
The simulated modedolves for aviscous fluid that includes microstreaming, whisha
secondorder viscous effect resulting from the presence of the particle in the acoustic field in
the form of steadyortices around the particl&hermal effects areisregared following
earlier publicationgDoinikov, 1994; Doinikov, 194; Settnes & Bruus, 2012)hus, the

compresdile Naviei Stokes equations and the continuity equation govern the motion of the
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viscous fluid and energy equatioca®not solved.

In this model, théRF is analyzeaoncerninghe particl® s p arsthe ficoustit wave with

"Q ¢0 "Odfor a horizontalring and a tilted ring with— o 1t As can be seen inid=3.2,
similar to inviscid fluid, rotated ring experiences slightly different acoustic radiation force
thana nonrotated ring and viscosity does not affect the behavior of the acoustic radiation

force with changing the position of the particle.

Moreover, as i§ 3.2 shows, theing in aviscous fluidexperiencesestorativeaorquetrying to
align the ringtoward— 1. At 30 -, the pressurenode, maximum torques occur where

ARFs are zero, and the torque is zero at pressure antinodes, similar to the inviscid fluid. The
results are also analogue to d&kaped particles in the literatui@arbin et al., 2015)The

torque is maximum in positions with the greatest fluid velocity, and in positions with zero fluid
velocity, there is zero torquéccording to Eqs.d4 ¢ and & 7, pressure antinodese
velocity nodes with zero fluid velocity and consequently zero torque, whereas pressure nodes

correspond to velocity antinodes that induce maximal torque.

< : : 00:-6--6--0-0O- " O -0
a) 200 o - -0-0=0° | | b) — N o
— ’ \\ _9_9:300 = ’;
Z p \ S
o, s AY Z \\ 4
El_‘ 0e ®\ /D (a9 e ’®
7 N <—-40 "\ Y Cop |
= R z/ S R o oo
i - o . -0-6=30°
20 - S S - .60 o |
0 A8 N4 3N8 A2 0 N8 N4 3M\/8 A2
position in a standing wave position in a standing wave

Fig 3.2. The radiation force and torque with respecsdoin a standing wave on a horizontal-( 1) and

tilted (— o f) polystyrene ring iraviscouswater for'Q ¢ 0 'O¢a)"O andb)t profiles.

The comparisonf the acoustic radiation forces and torque versus position in a standing wave

for inviscid and viscous are plotted imgR3.3. In both cases, the maxima are observed when
the ring is o/ 8 naefalye fmodre tihe pHg&tsaHdokieet o/ 4,
at the direction of th force, itis notedthat the force directs the polystyrene ring towards the
pressure node for both the viscamsl inviscidmodels. These results are consistent with the
observations ofBaasch et al., 201®)n spherical particles. Considering viscosity at first and
second order depicts the increased magnitude of the force as Wadltasjue.ARF shows

the same sinusoidal treifeig 3.3a), andART plots reveatosine dependenedth respect to
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the position in standing way¥a. The torque in an inviscid fluidt— Tis always negative
tendingto keep the ring horizontgl while ring can be stayed vertically by the acoustic
radiation torquen a viscous fluid depending on ip®sitionfor nonrotated ring Viscosity
contribution and its counteracting effects on velocity gradients lead to smaller torque values

near pressure antinodes, as showrg3.3b.

= i — 0 res o
a) 20 | 7 \\ =-==Inviscid b) — r-;\\ =-==Inviscid e ‘
— g --=-Viscous s R --=-Viscous i
%- /, \\ 220 \\\ 1scous /‘,,//
~ 0 N Z
3 ¢ N / ~ b /
N \ / —_40 Sy P 4
T \ = ~ S
\ // E.\ ‘\\‘\\ ___/'/' ‘
-20 | N .60/ - o
0 A8 N4 3)\/8 A2 0 A8 A4 3)\/8 A2
position in a standing wave position in a standing wave

Fig 3.3. a) Comparison of the acoustic radiation forces corresponding to inviscid and viscous fluids b) A

radiation torque comparison of viscous and inviscid fluids

3.2. Effects of the Ring Geometry

3.2.1. Rotation Angle

The ARFsandARTsin an inviscid fluidfor varying—fromnmd o 9 0e¢ arFig34pl ot t e
andFig 3.4b, respectivelyfor both3d mand3q _Ty. For rings positioned at presse
nodes,—variation does not affect the AR®hichis almost zero as expected, indicating that
pressure nodes are stable equilibrium points for the singar to spheresBesides™O  for

30 _JfP at— w mdeviates slightly from— 11 Jthe ratio of force values fer w mahd

1t Js 0.9657. Simple analysis in Appendixshows that ARF depends on ¢'Q® E- in

Eq(A5); for example, fogQY 1@ ¢, ™@ ¢ 1 O E-4changedbetween 1 and 0.9556 for

mnJ — wtlJ

TheARTSs, on the other hand, follow a parabolic trend with the minimum arednds ft In

this configuration, th&RT always aligns the ring horizontally slsownin Fig 3.4c, i.e., there
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is no transition from negative to positive torque values. It should be noted that, the torque is,

as expected, 0 for- 1 and— w ft Whenaa T, the torque is restorative (negative) to

the horizontalalignment of the ring- T, Fig 3.4c) up to— o 0, after that valuethe
torques are positive, indicating that the ring tends to align vertieally @', checkFig 3.4d).

Moreover the maximum amplitude of
stronger forcing to vertical alignmenthe contributions of the momentum and pressure

components to the torque, saerfig 3.4e foraa 11, would also be of interest. It has been

is larger at positive torque values, indicating

noted thathe first and secondrder terms in the ARF computation in EQZ{ {) the force
terms resulting from pressure and momentum flux, are acting antagonistically. The ring is

rotated into a vertical alignment when the pressudeced torquedominatesat bigger—

However at low — the momentum flux component is dominant and aligns the ring

horizontally. ART, in accordance with E4@8 in Appendix A has a slight sinusoidal

dependence on the orientation angle,

a)

Fig 3.4. The change of (AD and (b)t
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Fig 3.5a andFig 3.5b showsthe radiation force and torque as a surface plot while varying both
3a and— Fg.3.5a illustrates the harmonic nature of force and how it depends on location
rather than rotation angl&he torque is 0 for— 1 and— w ft as would be expectéHig

3.5b). For other valueghe torque is primarily restorative, i.e. negative or clockwise inthe y
direction(Fig 2.1c); at low—; the ring aligns with the pressure wave on thebane (— T,

Fig. 3.5b). The restoring torque is the strongest whkeéns near to an odd multiple offt.

The torque value varies from negative to positive at great valuesvdiich causes the ring

to revole counterclockwise in the-glirection and align perpendicular the standing wave

(— wft Ag. 3.4 d). Furthermorea zone separating the positaednegative torque values

is observed (depicted Fg 3.5b by a solid line). A rough approximation for the curve between
the two regions isgiven by- @ & ¢ ®A T ©- . This curve indicates that by adjusting

30, the ring may be rotated and maintained at-any
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Fig 3.5. The change of (&0 and (b)T  with respect to— 3. The standing field is applied in the

direction on a polystyrene ririg an inviscid fluidwhen—varies betweem &ndw 1T J

On the othehand,ascan be seem Fig 3.6b, considering viscositat3q _j yandy 1 J
— w Tithe torque is negligibl@andthe ARF and ART are at their minimum valubsleed,
by increasing the the torque increases to reach its maximum-at o v Whenza _j
like inviscid studyAlso, &30 _j Y, in both viscous anihviscid fluids, the torque is always

negative and restativeto thehorizontal alignment

The ARF slightly varies in a viscous fluid whehering rotateswith maxima at— 1t Jand
its variationis greater thamn aninviscid fluid shownin Fig 3.6a ard Fig 3.7a. Similar to
inviscid fluid, ARF mostly depends on the position of the ring in the stamhng rather than
the rotation angle.
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Fig 3.6. (a,b)comparison ocoustic radiation forces and torquefanviscid and viscous fluid$or Yo = m

(c) Acoustic radiation torquesnd contribution of pressure and velocity for a polystyrene ring in viscous

for Y& T (d) Comparison of acoustic radiation torque of inviscid and viscous fluidfor Tt

Moreover, the pressure and velocity contribugitmthe ART computations separately are
shown inFig 3.6¢c for Y& T, meaning the ring is positioned in the velocity node of the
standing waveAt low —-the pressure and velocity contribut®are in the same orddsut
with increasing the rotatioangle thepressure contribution exceeds the velocity contribution.
Initially, changing the ring orientation from- 11, seconebrder velocity contribution to the
torque dominates the pressure contribution uatil o 17 but with increasd rotation angle
pressure gradient predominates the tothatleads téocatingthe ring in a vertical alignment.

It can be concluded thatositive torque is inducely pressure moentumdominatingthe
velocity momentumThe surface plodf ARF and ARTactingon a polystyrene ringn which
both 3:a and—are varying imaviscous fluid is shown inFig 3.7. The torque is positivand
tends tdocatethe ring tathe wave directioato 1 J —nearthepressure antinodésr velocity
nodes), whereghe pressure gradient dominates the velocity gradiel'he positive torque
reaches its maximumat @ ¢ at pressure antinodess can be seen Fig 3.6d andFig 3.7b.

However, the more significant torque is a restorative torque occudarnmgs positioned in
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the pressure nodebhe ART is zero notonly at Tt B 1thlit also aseparating zon&imilar

to inviscid fluids a zone separating the positi@edthe negative torque values is observed
(depicted inFig 3.7b).The surfae plot indicates whichombination ofz-d and—aligns with
the aim of applying@nacoustic standing wawan a polystyrene ring. Harmonic nature of the
ARF and ART on a polystyrene ring in a viscous fluid can be BegB7a andFig 3.7b. As

it is described iPAppendix A, the torque shows cosine dependeacyl force sinusoidal

dependencyn the rotation angle.
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Fig 3.7 The change of (JO and (b)T  with respect to— 3. The standing field is applied in the

direction on a polystyrene ririg a viscous fluidvhen—varies betweem &ndw 1t J

It can be seen that a slightly viscous fluid, such as water stirdtad thesi)j @ T Y,
does nosignificantly affectthe behavior of the ARF and ARJIn a rotated ringTherefore
the relation between viscosity and rotation angle is studsedhow in Fig 3.8. It is of great
interestin the ART plot (Fig 3.8b) thatART increases with increased viscositye maximum
torgue occurs at low-for less viscous fluidsand the strongest torque is at highdor highly
viscous fluids As seen inFig 3.8b, positive and negative torques are separated with a zero
torgue zone; in contrast to less viscous flurso torque happens at higheandzero torque
occurs atow —for highly viscous fluids. Note that increased viscosity leadssignchange
of negative ART into positive ART abW —-and tends to align the rimg the wavedirection.
Fig 3.8a shows that when viscosity increases, as was exp@a&é&ds insensitive te--on the
other hand, enhanced positive torque in lighscousfluids and ring alignment affects the
ARF on the ring.
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Fig 3.8 The change of (dD and (b)T  with respect te— 7j @ The standing field is applied in the .

direction on a polystyrene ring in a viscous fluid with different viscosities whearies betweem &ndw Tt ¢

Various parametric studies are performed to determine the dependency of the ARF and ART
on the ring orientation and partidleiid density ratio, as surface plots are display€deigB.9.
As expected, the ART and ARF enhances when the ring particle is hiternehe fluid Fig
3.9a shows that the heavier ring experiences greater ARF atdblowever, themaximum

torquevaluefor theheavier ring igestorative torquat— 1 v.J
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3.2.2. Major and Minor Radius

Minor and major ring radii's impact on the ARF and ART are showRign3.10. 'O
increases quadratically withcreasingodue to thevolumedependency nature of the ARF, as
shown inFig 3.10a. Fig 3.10b displays the ART for the rotated ring-( o f) with respect to

@ with increasingba quadratic enhanced ART is reported uitil T { I , but therthe torque
exceeds two times, passes through zero, and rises abovir Ot° & at © Tt&11 .
Geometry changes influences significantly the ART and at disiiheads to sign change of

the torqueAt small values ofy the ring experiences a restoring torque that tends to move the
ring to a horizontal alignment{ )] However after changing the sign of the ARihe

larger ring tends to be vertically aligned by the positive torgue ( 7).

The ART exhibits a sharp jumwith increasingyY (Fig 3.12d), similar toFig 3.10b. Besides,
increasing the major radius of the ring raises the ARF linearly as the volume of tharrasy v
linearly with'Y. This ART moves rings with biggéY toward a horizontal alignment{ T¢),
whereas rings with smaller R are aligned vertically (w ).
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Fig 3.10. (a) Change ofO with respect taj (b) change off  with respect tay (c) change ofO  with
respect toY and (d) Change of  with respect toy.
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Resonance effects on the intensity of vibrations and resulting pressures cause dnamgés

in torque valued\ear the resonance frequencies of a ring in the standing wave, the magnitude
of local vibrations and, as a result, the local momentum flux (because velocity is the product
of frequency and displacement amplitude) and pressuredeoalsly rise.These effects are
averaged out in the computation of the total ARMgE(Q. (4 Jbecause the overall volume
change caused by compressibility is ndblg and outof-phase displacements typically
cancel each other owtVhile the ARTdependson the amplitude of local vibrations, those

effects are not cancelled out because of the gusduct with the positigras stated by Eq.

cZ y

To further illustrate the consequences of vibrations approaching resonance, displacement and
pressure amplitudes are givenFig 3.11. The displacement field for the ring with a minor
radius of o®' & is depicted inFig 3.11a, where the displacements are on the order of
nanometersln contrast, displacements kg 3.11b for the value ofo 1®‘ d&are on the

order of microns, which are about four orders of magnitut®e considerableéhan
displacements for the value of o®' & as the indication of resonantikewise, the
corresponding pressure profiles, witteitmaximum amplitude increasing by four orders of
magnitude in the resonating caaee depicted ifrig 3.11c andFig 3.11d. Moreovey for other
asymmetrical structures like discs, resonance has revealed a substantial impact on ARTs in the
literature(Garbin et al., 2015)
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Fig 3.11. The displacement ((@p)) and the pressure ((())) distributions on nowresonating ((a) and (c)) and

resonating ((b) and (d)) rings.

Viscosity does not affect the volurdependency of the acoustic radiation fored ag-ig.
3.12 depicts, inboth viscousand inviscid flui, ARF increases linearly with th&/ and
guadratically withcd Thus, alarger ring experiences greater ARF than a smaller, ring

particularly in a viscous fluidrhe resonance behavior can be seen inVistousand inviscid

cases.
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Fig 3.12. Comparison of results for viscous and inviscid fluids (a) Chan{@ ofwith respect tay (b) change
of t  with respect tay (c) change ofO  with respect tdY and (d) Change df  with respect toy.

3.3. Effects of the PhysicalParameters

This section details how the physical parameters impact the ARFs and ARTs on a tilted ring
(— o f). The acoustophoretic contrast factésis the first parameter investigated here,
defined agBruus, 2012)

> puv  C .
0, 1 —_
%ol & G p (7] (/)
where” " T andllg Il 7l are the partickdo-fluid density and compressibility ratios,

respectivelyThe sensitivity analysis includeggative and positiviéwalues showng whether
the particle is drawn tdd% 1) or repelled from%. T17) a pressure nod€&ig 3.13a depicts
ARF values and its transition from negative (repulsive) to positive (attraciivee ARF
decreases more steeply at [#walues butthe decrease rate becomes lireesoapproaches

zera On the other hand, the ART values presentddgr8.13b demonstrate that the torque is
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at its minimal magnitude & 1. Since all torque values anegative, the torques tend to
align the ring horizontally at athovalues.Finally, Fig 3.13c andFig 3.13d illustrate how the
acoustic frequenciQaffects ARFs and ARTS, respectives ART enhancegoncerning’Q
with a higherorder dependenc#he ARF increases linearly with respect 1 Based on the
dimensional analysis in Appendix A, the ART is predicted to scale@itbrQ for standing
waves. Furthermore, @ 1 0 "Ogthere is a resonantgpe behavior similar to the behavior
shownin Fig 3.11. Insets inFig 3.13d demonstrate the vibrating ring's deformation modes,
which, for visual clarity, have beegaled up000 times (actual displacementsiarthe order

of nanometers)The amplitude of the Misestresses nearly ten folds@t 1 0 "Oddue tothe
resonance between the polystyrene ring and the standing waves in thenddidm.
Accordingto a coupled eigenfrequency analysis for the deformation of the polystyrene ring
and the pressure in the ffumedium that revesldeformation mode with the same shape as
the one illustrated ifrig 3.13d occurs atQ 18t p pOYiOgeven thougtihat the same mode
is detected a2  v& ¢ P "Odor free-standing ringsOther nonspherical particles in standing
waves have also been subjected to resonance effects, including discs by Gark@aebial.

et al., 2015pand helices by Caldag & Yesilyui€aldag & Yesilyurt, 2020)
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Fig 3.13. The change of (8 and (b)t  with respect t&o The change of (0 and (d)f  with respect

to "Q Insets show the deformations (5000 times seafBcand Mises stressesthre rings.

Moreover the physical parametetisatinfluencethe ARFsand ARTs acting ona tilted ring
(— o f) in a viscous fluid are investigatedhe acoustophoretic contrast factie

considering viscosity is defined éSettnes & Bruus, 2012)

MIlg p QUHF YO———
%o Il &' B (—F;“Q Il & g"m h oZ,
where] | j @wandl Y p 7 7 and] represerdtheviscous boundary

layer thicknessSimilar to inviscid fluid,negative and positiviéevaluesindicate whether the

particlesubjected to an acoustic figklattracted %o 1) or repelled%. 1) from a pressure
node.The effect of acoustic frequenc$) on ARFsandARTSs exerted on a polystyrene ring

in viscousandinviscid fluids arecompared, ashown in kgs 3.14a and3.14b, respectively.
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The ARF increases linearly wh respect t6Qin both viscous and inviscid fluigshough,
viscous ARF is greater in magnitude as was expeétedeen inFig 3.14b, viscous effets
amplify ART; however, any resonance effastnot reportedin the viscous fluidfor this

variation range ofQ

Fig. 3.14c depicts the contribution of the scattering, viscosity and streamingAdrfRen the
polystyrene ringvith respect t0Q By using Eq. (£, { the dfect of scattered acoustic field
from a compressible ring on ARF¢slculatednamed’O . Computing the ARF using Eq.
(¢Z, y and stress tensor via EqQZ @onlyin terms offirst-order fieldsreveals the firsbrder
viscosity impact on the ARFO .To distinguish between the effect of the fiostler viscous
and microstreaming effect¥) refers to the ARF computed by using EqZ( ) and
(¢&, Palsotaking secondrder fields into accounfs evident in k. 3.14c, the gcondorder
fields maintain significant impact on the ARF particularly at higher frequeneieg,it is
necessary to solve the viscous model uphosecond ordefor manipulathg particleswith

high efficiency

Fig. 3.14d and 3.14e show the surface platith respect td’ j” and] j & implying the
influence of the significant parameters in the contrast factor, density and visoo#ity ARF
and ART. The force (K. 3.14d) exhibits greater force asapproaches 4 (greateiscosity)
also wheri’ with respect td is high as it was expected. On the other hand, viggn

¢” , the force on the particle has its minimum valdewever, the other significant

factor in Eq.6Z%;), is not taken into account hetlee compressibility effestas compressibility

can be calculated by usilg - ——, and® is fixed n all casewith the parameters
given in Tdle 2.2

The torque values, plotted Fig. 3.14e, show that the torque is minimum in magnitude at less
den® particles. All torque values are negative, meaning that the torques tend to align the ring

horizontally at all values.
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4. Secondary Forces and Scatteringffects

This chapter first analyses the numerical restdtapared with the analytical approach of the
Chain of spheres. Then, sskfattering on the individual ring and secondary forces on a pair

of rings are investigated.

4.1. Comparison with Chain of Spheres Approach

The chairof-spheres approach (CoS), whicldeveloped for the computation of the acoustic
radiation forces and torques on thin helices for mgswamming applicationdCaldag &
Yesilyurt, 2020) is compared to the results of a firglement (FEM) modgdresented in this
thesis Following CoS, a ring can be split into sections, and each section capresented by

an equal volume sphere, for which analytical ARF calculations are avafldhteegawa,
1979) The CoS method ignores two different kinds of interaction foffaess; the forces that
arise within the solid as a result of the higher order ring deformation nsadesaending,
extension, stretching, and other variations on these matleh differ from the sphere
deformation modes; and second, the forces that arise within the fluid as a result of the scattered
waves.Those secondary effects are inherently considerad asinreedimensional modelling
approach in the FEM modeThus, differences between the CoS and FEM results are
considered to be due to these secondary effects.

In computationsof the CoS methodthe ring is divided inta)  equal segments that are

roughly represented by spheres with the same volume as each segment, which stretches

betweerr ande , wheree is the azimuthal angle ar@ phe3B p; the @h sphere

is positioned at the centroid of tfl segment, which is determined by:
H —— Nl e Qe 15

where the centerline of the ring is indicated in the reference frame lpo#i#on vector
1T o  YAT<@OEIihteandn isthe rotation matrix for the frame rotated-bwith the

ring as shown irFig 2.1. To ensure that spheres and segments have the same volume, the
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7
radius of spheres is set t@® —— . Fg 4.1 shows a basic schematic of the CoS

methodology.

(a) (b)

Fig 4.1. Schematiof chainrof-spheresnethodology (a) Shows the original ring geometry, (b) shows the
representation of the ring with p tspheres with radiu® placed along the circle of the ring whichYs

away from the center of the ring. The circle is shown in red dashes.

Hasegawaleriveda simpletheoreticalformula for the ARF on a single compressible sphere

for standing wave@Hasegawa, 1979)
"0 “GH'0ONH OEJRa 1%
Where O - Q®s denotes the acoustic energy density (A represents the potential

amplitude of the field) andd is known as the acoustic radiation force functjblasegawa,
1979) As a resultthe summationsf ARFsover each sphere are used to calculate the overall
ARF and ART:

T H 7l O 14

Additional information onthe CoSand in detailARF computationsn a standing fieldare

discussed further in Appendix. Eomparisons between polystyrene, copper, aathinum
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rings consideringQ variation for tilted rings with— o frare displayed irfrig 4.2. In the
calculations of CoSp control the error caused by the segmentation of tigg & convergence

study is first conducted, amdbufficient number of segments is obtained tébe ¢ vThe

results of CoS for ARF computations are in good agreement with FEM results for both
polystyrene and copper ringss shown irFig 4.2a andrFig 4.2c; the agreement is much better

for polystyrene than copper, where a maximurp dfrelative error is seedowever, as-ig

4.2e displays, there i@pooragreement for the aluminum ring for the ARGHmilarly, ARTs

are presented ifig 4.2 b-f, where a dramatic difference between the FEM and the Co$sresul

for polystyrene and copper rings are observed, with the discrepancy being more prominent for
the copper ring.Interestingly the ARTs show extremely high agreement despite the

differences between the FEM and the CoS resulth&iRFs computatiomf the aluminum

rng.
Polystyrene Aluminum

a) 20F C) 100 C) . ,
> 10} - 50
E A
3 =0
= &
kool M50

-20 -100

.f.

b ) d

)5“ - e-FEM ) 0
= —CoS —
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- 0F e
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3 e el
© e o’ " 1500

0 oS = % < ° o
0 A8 A4 3A/8 A2 0 A/8 A4 3A/8 A2 0 A8 A4 3)/8 A2
Az Az Az

Fig 4.2. Comparison of the radiation forces ((a), (c) and (e)) and torques ((b), (d) and (f)) obtained from the
FEM model and with the Co®ethod (a) and (b) the results for polystyrenireg, (c) and (Jl theresults for

copperring and (e) and (f) the results faluminumring.

4.1. Self Scattering

To clarify the differences IRRT computation®f CoS and FEM methodse first verify that

the ARF and ART contributions from each sphere in the CoS model agree with the values
calculated from the FEM model by modelingdividual ring segments iseparateFEM
simulationsResults related to these individual models are not reported here suncadtnot

give any extra information and would berepetition of Fig 4.2a andFig 4.2b. This study
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confirms the mim principle of the CoS technique, i.shows that individual ring segments

can betakenas spheres and tleerrespondindorce and torque computations are consistent
Then, using the FEM model, the radiation forces on rings made up of ten toroidal te2egmen
are comparedlhe ringshaped toroidal segments witlg agjap between therare shown in

Fig 4.3a; this gap size has no impact on the convergence of FEM simul#RRsesuls are

shown inFig 4.3 for segmented polystyrene, copper, and aluminum rings at the baseline
parameters in Table 2.1 withd _¥P and— o ft Underthe numbering irFig 4.3a.,
segments are placed sequentially in their proper plabesefore, to maintain each segnéest
location the entirering s | odiscpasttionedrat the sams& _TPpand— o ft Forces on
segments are estimatfed three distinct configurations: (i) for each individual segment placed
one at a time in the acoustic field; (ii) for all detached segments that form the ring shape as
illustrated inFig 4.3a; and (iii) for the entire ring made up of segments connected to one
another ARF values for polystyrene, copper, and aluminum rings are displayégl 48b-d,
respectivelyThe force values between the segments of the polystyrene ring, whether they are
assembled as illustratedkig 4.3b or inserted one at a time individually, differ very little (less
thantt u) ). This result clearly implies that sedtattering between the segments does not
significantly affect local forces. At the same time, the elastic beha#ithe entire slender

structure does for which the maximum deviation occurs at segpanhigh assor 0

For the copper ring, the force values for individual segments inserted one at a time vary
somewhat between 9.05 and 10rp D (black circles m Fig 4.3c); little discrepancies result

from a numerical error while computing stresses around the sharp edges of segments. The
findings are not considerably chandgdmesh improvements up to 3M dof (exceeding a 140

GB memory requirementMWhen the detached segments are placed in the acoustic field
together, the forces on the segments are significantly differenttfroseon the individual
segments, up tR® N Ofor the first segmenturthermore, for segments |, the forces on

the detached segments (red stars) are very similar to the forces on the corresponding segments
in the ring (blue squares), with the difference being lessgflaip (i According to this finding,

the ARF is significantly influenced by theattering of waves between the segments.

Lastly, for the aluminum ring, the ARF behavior is more like polystyrene than copper since
the difference in forces on single and detached segments is less thjag as88a whole, the
deviation between the loc@drces on detached segments and the complete ring segments is
smaller, reaching up to 5tB Ufor the sixth segmenit is concluded that the ring being divided

into separate segments alters the local forces without changing the overall ndtferere,
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the ARF prediction othe chainof-spheres metho near to the FEM results for the entire
ring but fails to evaluate the ART accurateljhe CoS method must be enhanced by
integrating the connections between the spheyesapture the bending momerdsd the
impacts of the scattered acoustic field in order to assess the significance of those effects.
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Fig 4.3. (a) The depiction of the ring decomposed into segments; local acoustic radiatiofA&tEg®n each
segment of polystyrene (b), copper (c) and aluminum (d) rings. ARF on each individual segment placed in the
acoustic field without others is shown with black circles; forces on the detached segments forming a ring (see
the picture in (a)) ishown with red stars; and the forces on the complete ring composed of segments in contact

are shown with blue squares.

The pressure and velocity contributions to the radiation force are examined to determine how
each one affects the movement algnment of the rings for three different materials
polystyrene, aluminum, and coppesach stiffer than the otheiiSig 4.4 showsthe separated
contribution of thevelocity and pressure terms farpolystyrene ring in water. Individual
segments are slightly in different positidos astanding wave. As can be seen in£#pand

Fig 4.4c, individual segments similar to segments of detached ring experience constant local
forces and their separated contributiorsse constant excepor slight variations in a few
positions. Howeverthe contribution is dominated by pressgmedientfor theindividual and
detached segmentgelocity contribution predominates the forfme the entire ringindeed,

Fig 4.4. revealsthe effect of solidity on the local acoigsradiation forces on individual
segments of the rin@lso,comparingrig 4.4a andFig 4.4b depictgheinsignificantinfluence

of seltscattering between segments.
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Fig 4.4. Local acoustic radiation forces (ARF) on each segmepblyktyreneand contribution of pressur
and velocity terms to ARFor 'Q @0 "Odi (a) the forces on the complete ring composed of segmer
contact, (b) forces on the detached segments forming gajrigrceson each individual segment placed

the acoustic field without othe(see the picture iRig.4.3a) .

Fig 4.5 depicts separate contribut®iior an aluminum ring. As a result of decreasing
compressibility and increased density by changing the material of the ring to aluminum,
pressure contribution grows in the order of ARF in aldes and dominates the velocity

gradient.
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Fig 4.5. Local acoustic radiation forces (ARF) on each segment of aluminum ring and contribution of p
and velocity terms to ARF; (a) the forces on the complete ring composed of segments in contact, (b) 1

the detached segments forming a ring (c) foozesach individual segment placed in the acoustic field witl
others (see the picture fig. 4.3a).

Fig 4.6 reveals the ARF on the copper ring and the effect of ring compressibility, density, and
wave speed on the local forces and the velocity and pressure contrituteombe seen that

with increasing the density of the ring and decreasing compressibility, pressure contribution
to the ARF enhances and dominates the velocity contribution even in a ring. In all three cases,
velocity and pressure contributiensated clnges are in the same ordeomparinghethree
materials reveals that compressibility increases absorption of the scattering pressure gradients

and local forces are affected by the compressibility factor more than the pasitioself
scattering
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Fig 4.6. Local acoustic radiation forces (ARF) on each segment of copper ring and contribution of p
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others (see the picture ingk-4.3a).
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4.2.Microstreaming Effects on theSecondary Forces

Microstreaming, acoustic radiation, and interaction forces on the particles all result from the
scattering of an acoustic wave éyistingmultiple particlesn a fluid medium These forces
comprisethe primary acoustic radiation force (ARF) and the secondary acoustic radiation
force, respectively, by singleparticle sound scattering andcoustic particlgarticle
interactions.Scattering through viscouessesc | ose t o t he rmeslstni cl ed
microstreamingmicro-scale eddiethat can affect both the primary and secondary radiation
forces.Theoretical models of the acoustic radiation force frequently ignore microstreaming.
The streaming flow of fluid around an oscillating objeckiwn as microstreaming?
particle experiences dragfrom this streaming, which is predicted to change the behavior of
the particle. Streaming develogge tomechanisms for energy dissipation in the bulk phase,
including energy absorption by the fluiddadissipation at interfaces between the fluid and
solid surfacesThe fluid flow is produced by the vorticity brought on by the boundary layer

oscillationssurrounding it

Here, we look into how acoustic microstreaming affectsARE acting on a pair oélastic

ring particles in an ultrasonic standing wawsing our finiteelement model that solves
compressible Navier stokes equations ugdoond ordeand considerthe contribution of
microstreamingThese nonlinear effects are numerically investigidedarious combinations

of elastic spheres and rings in a standing wave: sjgpdrere, sphereng, and ringring. The

results of this section can contribute to the explanation of the high effectiveness of some seed
particlebased acoustic trapping tethues(Hammarstrém et al., 2012; Habibi & Neil2019;

Habibi et al., 202Q)which could be further enhanced bglecting the seed particles in

accordance with our predictions.

4.2.1. Ring-Ring Interactions

4.2.1.1. RingsPositioned in theWaveDirection

The primary and secondary forces between a paing$aligned in the wave directionith
different sizes andaterialsare studied using the FEM model with the perturbation method
described in sectioR.11. As Fig 2.3. shows, he second particle iglaced away from the

pressure nodal planand the first particle is always located on the nodal pREigel.7 depicts
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the primary acoustic radiatidorce determined for a single rintipe total force fora pair of
rings andthe secondary force on a second partittethis sectionpnly the forces in the-z

directionare reportediue to thansignificantinteractions in the-direction.
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Fig 4.7. Acoustic radiation forces on particlen®th respect to surfae®-surface distanced,(p’ 6o 11 @
for various sizes of theings at "Q v mutTO@nd'Y p ft awith various combination ofa : (a,b,d,e)
Polystyreneings ,(c,f) First particlea copperring, centered at nodal plansecond particle is polystyrene

ring away from the nodal plandg,h) Copperings(yellow rings represent the copper rings)

As expected, by increasing the distance between the rings, the primary forces increase due to
the change in the position of the rings; however, the secondary force does not depend on the
position of the rings, and it mostly depends omid.seen inFig 4.7, for different vertical

distances, d, the change in the primary forces for a single risma#l compared to the
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secondaryforces whenone of therings in the domains from a less compresse copper
material (Fig 4.7c and 4.h ). For polystyrene rings,ignificant differences betweethe
secondary and total forceshig 4.7a-b andrig 4.7d-erevealthattheprimary force is dominant
the total and primary forces change in a consistent manner for both the small and large seed
particles (0 1@ &. However,for low interdistancessecondary force dominates for
thesmall second ringvhenever the tiny particle is close to the second particle], (Fig 4.7a
and Fig 4.7d). It results in attractive force in low inteiistancesand reversalof the force
directionwith increasing dwhile in other caseshe secondary force is repellifgor larged,
the addition of the second rirpes not havany significant effect on the acoustic radiation
force on the single ring, the effect is only sigrafit for lowd in polystyrene ringsand the
total force aligns witithe primaryforce The interactions are more noticeabl#h adding
copperring in the domaireven at larged valuesand any size of the particl€gig 4.7c and
Fig 4.7f) due to variatiorin the acoustic contrast factqgralso,the results show a dramatic
increase irthetotal and secondarfprces magnitude Interestingly, & shown inFig 4.7c and
Fig 4.7f, addingthe copper ringto the domain in contrast to tipelystyrene rig (Fig 4.7a-b
andFig 4.7d-e), inducestotal forcesthatchange closéo the secondary forcemeaning that

the secondary forces predominate the primary forces.

In our simulations, not only the firsirder viscosity effect is consideretut also the
contribution of the microstreaming around the risgncluded.In addition to he visosity,
compressibilityalsoinfluences themicrostreamingthe magnitude of thacoustic radiation
forcesand the effective distance, the distance at which the impact of the second ring vanishes
Even in singleparticle configurations, microstreaming for small parti¢ee$ ) can alter the
direction of the ARF.Correspondingly the microstreaming field, p&tlarly around the
particle producing the weaker microstreaming field, varies dramatically as the two particles
move closeandmay causeanterparticle attraction-or exampleas shown irFig 4.8-Fig 4.10,

at® ‘ dapolystyrene ring experiencasnaximum second field velocity o8t p @ i  and

for av‘ & polystyrene ring,] A @) G Tmdrcégdi , at®* & copper ringhas

i A@d Gt m8icépai andav‘ dcopperringhas A @) G T @ Gi
Microstreaming around the surface of the particles at differemtdistancesQ plofp 11 &

, can be used describe #ffect on the direction and magnitude of the radiation forées.
4.8a-c show thesymmetricmicrostreaming of a‘ darepelling pair of polystyrene rings at
different interdistances As shownin Fig 4.8d-f for T®‘ dapolystyrene rings, &2 p‘ @

thesecondary force is attractivand afQ  ofp 1 @the secondary foreghanges its direction
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to repulsive l variation of the streaming pattern.

For rings with equafoand'Y (Fig 4.8a-f), four small inner vortices are accompanied by four
more giantvortices around them and another one in between the ringmrAsles get close
to onearother(Fig 4.8b andFig 4.8e), a pair of largeputervorticeschangsto apair of small
vorticesperpendicular to the wave directidfig 4.8c andFig 4.8f show that mnervortices
combine and thevorticesbetweenthe rings disappearsa@ decreasedn all cases shown in

Fig 4.8a-f, the rings experience repulsive forces.

(a) 2 (b) 15 \ (c)
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Fig 4.8. Streaming patterns and secewrdler velocity field are showfor polystyrenerings at’Q v aTOd
and'Y p ft awith various interdistancesQ p folp* drespectively(ac) foredc & v* &, (ac) for

®w O ™ 4.

Different sizes of particles lead to nonsymmetric streaming, as our model can capture precise
inner vortices of various sizes, as seerFig 4.9. Becaise of this lack of symmetry, a
transverse force creates a moment on the rings around their, @gmth causes the rings to
realign themselves in a lateral arrangemé&he stability results from the force between the
rings being attractive at close rasgand repulsive at far ranges for larggs centered at the
pressure nagt however, a small ring at the pressure node led to the repulsiveddree
equilibrium (Fig 4.9d-f). The rings rotate around their common center and tend to realign
themselves into the lateral configuration since the force acting on each one is transverse, equal,

and opposite.

79



In contrast to equadized rings, the four inmevortices of smaller rings do not accompaing
outervortices in small ringsas shown irfrig 4.9. By approaching the larger ring, the vortices

of a small ring disappear and shrink until they reach the imoeicesof the larger ring.
Another vorticity appears around the | arger
the inner vortices atmd the larger ringlt can be seen ifig 4.9c that getting inside the

viscous boundary layer of the greater seed ring leads to an attractive sgdorwa

The scaling laws of the principal acoustic radiation forces and the hydrodynamic drag force
brought on by the induced acoustic streaming present the most significant obstacle when using
acousticstanding wave technology for saficron particle maipulation. The fundamental
acoustic radiation force rapidly declines relative to Stokes drag as particles get smaller,

resulting in significant streaming.

x10°

Fig 4.9. Streaming patterns and secamder velocity field are shown for polystyrene ringsfatu 1t 1T +
and2 p mit with various interdistancesA p fofpti respectively (&) forA v i PA M { ,(a
c)forA miP uvi.

With changing one of the ringbs material s t

around the copper ring is stronger than the polystyrene, the streaming pattern stays symmetric

around it. l'ts streaming i nliheks, uespeaalyswhen he w

approaching the copper ringhe @pper ringeven in smaller size due to its greater maximum

velocity ( A@0 G m @agai ),can influence the other p:
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always results in attractive forcEhe symmetric streamlines of the copper ring encompass the
second ring that is evident at cladistancegFig 4.10c andFig 4.10f). As can be seen iAg

4.9 and Fig 4.10, the streamlines around two rings aret a simple superposition of the
streamlines, and it depends on the materials of the particles, theidistirces, and their

sizes.
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Fig 4.10. Streaming patterns and secesrder velocity field aresshown for polystyrene and copper rings
"Q v nuTOdand 'Y p ft & with various interdistances,Q p folp‘ & respectively () for @
V' A0E N KNI T AR é a0l Gia i T adé f NI v R é dwi oI QEQ

4.2.2. SphereSphere Interactions

4.2.2.1. SpheresPositioned in theWave Direction

For a better understanding of the primary and secondary forces and microstreaming that play
a pivotal role in manipulating bacteria and nanoparticles based on interacten
techniqguegHammarstrom et al., 2012; Evander et al., 2015; GutiRenos et al., 2018)

interaction forces between a pair of spheres are studied in this s@tteforces between a
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pair of polystyrene spheres aligned in the wave direction with different sizes are studied using
the FEM model with theperturbation methqdas described in sectiod1ll. The second
particle is placed away from the pressure nodal plame the first particle is always located

on the nodal plane.igr4.11. depicts the primary acoustic radiation force determined for a
single spherdhe total force for a pair @phers, and the secondary force on a second patrticle.
Fig 4.11 showsthat adding a patrticle in the pressure nodeattmact even larger spheres at
close distanceand repulsive at far distancdswever, larger particles experience repulsive

forces at albistances.
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Fig 4.11. Acoustic radiation forces shown for polystyrene sphatéQ v mUTOcdnd reported forces ar
forces on the second patrticle

4.2.3. Ring-Sphere Interactions

4.2.3.1. Ring and SpheresPositioned in theWave Direction

The possibility of using rings as seed partidiesnducethe trapping of asphericalshape
particle is examined herd ring with @ T@®M* @and’Y p Tt dis used to capture the
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sphere withd  T®hy* & As shownin Fig. 4.12a, the attractive force acts on the sphere by
the larger ring that can be used for aggregation of cells and trapping purplusesver,
Fig.4.12b reveals attractive force in close distances and switches to repulsive force in far

distances that can be used where it is required to émldisized particles in specific

positions.
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Fig 4.12. Acoustic radiation forces shown for polystyrene sphere and riiggy ab tamOdand (first particle

isringwith 'Y p f1 dand second particle spherg: reported forces are forces on the second particle

As in theprevious sectionthe material dependency of the secondary foicesamined to
find the best seed particle under the condition of using different shapes of particles; here, the
copper ring isadded to théluid domain includinga polystyrene spher€ig 4.13 shows that
thetotal forcetends tamowe the polystyrenaspheran the opposing (negative). Tldeminant
role of the secondary force in contributing to the total acoustic forces acting on the polystyrene

sphere is the first salient characteristic of the plots in4Hi8. A packed bed may suffer
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significantly from such repellent interparticle effects. However, the framework provided by
another studySilva et al., 2019)vill help determine the frequencies at which a packed bed of

seed particles is likely to be stable.
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Fig 4.13. Acoustic radiation forces shown for polystyrene sphere and copper f2g at tat'Ocnd (first

particle isring with 'Y p ft adand second particis sphere)

Adding the copper ring to the fluid domamsults inextra radiation forces on the patyene
sphere, a few scales greater than the primary radiation, false Fig4.13 implies that
secondary forces dominate the ARF in all sizes for the cappeiStreamline patterns tiie
equalsizedparticlesin Fig 4.14 (theradius of the sphere is the same as the minor radius of the
ring, ® ' &) show that the streamline of tkkepperring dominates the streamline pattern

in both small and large particldsg 4.14c shows the streamline pattern around a copper ring
and a polystyrene sphesiea close distance, in which the spherebmmoved withthe i n g 6 s

streamline in outward directions. These results arose from both the Stokes drag and the
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radiation forces. In contrast to Stokes drag, which scales with particle radius, the primary

radiation force scales with particle volume, as depicted in se®t#on

Fig 4.14. Streamline pattern®r polystyrene sphere and copper ringvater subjected to a standing waate
"Q v nutOat different interdistancesa)Q p' ab)Q p 1 a4c)’Q p* 4;first particle isaring with

® v aandY p ft éhand second particle @spherewith the radius ofo  v* &
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