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|.CONFERENCE NEWS

. The 27" International Congress on Sound and Vibration(ICSV27 ) will be
held inPrague.Czech Republic from 11 to 15 July 2021

Woon Siong Gan will be organising three structured sessions on:

1. Nonlinear acoustics and vibration

2. Acoustic metamaterials & phononicystals: fundamentals and
applications

3. Sound propagation in curvilinear spacetime

Please visitvww.icsv27.ordor more informations.

Due to the coronavirus situation, the ICSV27 will be postpondd ttm 15
July 2021 but will still be held at the same hotel in Prague. Please visit
www.icsv27.ordor further informations.

ILANNONCEMENTS

The Society of Acoustics will be sendingiaoubices to members with
outstanding membership subscriptions. Members are encouraged to make
payment in support of the Society.


http://www.icsv27.org/
http://www.icsv27.org/

The ENewsletters will be made available to industrial contacts in an
effort to promote the activities of the Society.

The Society is also exploring the possibility of organising talks and
other professional events in collaboration with acoustic societies of other countries.

Membership Certificates will sodre made available to all members
who had made full payments of membership dues

The Society aims to increase membership by inviting all persons,
including those from the institution of higher learning and other relateciedtes such
as the Institute of Architects, Singapore and the members of the mechanical
engineering division of the Institution of Engineers, Singapore who are qualified in the
various field of Acoustics to join our Society.

We are especially keen to invite students to join our society and we
are establishing the Youth Chapter soon.
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IHLINTERNATIONAL ACOUSTICS NEWS

Woon Siondgsan was recently elected as a Director of the International
Institute of Acoustics and Vibration(lIAV) for the period 2018 to 2022.

MINUTES OF THE ICA GENERAL ASSEMBLY

Tuesday 03 November 2020

11:00 to 12:00 CET

Virtual Meeting

(scrutiny of thevotes of the online consultation)



In attendance (online consultation by email): Mark Hamilton (ICA President),
JeongGuon |Ih (ICA Viee

President), Michael Taroudakis (ICA Past President), Martin Gch(f2A
Treasurer), Antonino Di

Bella (ICA Secretafgeneral);

Member Society appointed representatives (online/email vote): Nilda
Vechiatti (Argentina), Marion

Burgess (Australia), Dominique Pleeck (Belgium), Bruno Masiero (Brazil),
Jérémie Voix (Canada),

David Parra (Chile), Fenghua Li (China), Tino BGca#t(a), Panu Maijala
(Finland), Jean

Dominique Polack (France), Jesko Verhey (Germany), Michael Taroudakis
(Greece), William Fung

(Hong Kong), Beata Mesterhdyungary), Mahavir Singh (India), Antonino Di
Bella (Italy), Akinori

Ito (Japan), JeorGuon Ih (Korea), Kyogu Lee (Korea), Stwgn Shin
(Korea), James Whitlock

(New Zealand), Jorge Moreno (Peru), Grazyna Grelowska (Poland), Jorge
Patricio (Portugal), \dbn

Siong Gan (Singapore), Monika Rychtarikova (Slovakia), Mateja Dovjak
(Slovenia), Antonio Pedrero

(Spain), Kurt Eggenschwiler (Switzerland), Ayca Sdbiopen (Turkey), Jo
Webb (United

Kingdom);



International Affiliate appointed representatives (onliesiail vote): Manell
Zakharia (EAA), Nilda

Vechiatti (FIA), Mathias Basner (ICBEN), Sigrun Hirsekorn (ICU), Marion
Burgess (INCE),

Patricia Davies (USRACE).

Note that these minutes, complete with the supporting attachments and
other documents referencedare

posted at the internal Board archive. Only the minutes are posted on the
public webpage at

www.icacommission.org/minutes.html.

1. Opening of the Meeting
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electronic consultation on the

deliberations of the annual Board Meeting ¢€16/07/2020).

Consultation procedures were prepared by the Executive Officers, as resolvec
during the Board

Meeting, and sent to all the Member Society and International Affiliates. The
SecretaryGeneral was

appointed as moderator of the whole procedure.

The appointment of the delegates was made by filling in an online form from
02/10/2020 to

16/10/2020.

Online vote, by filling in an online form or by email, was opened on
19/10/2020 and closed on



02/11/2020.

Thescrutiny was carried out on 03/11/2020 by the Secret@sgneral and
results checked by the

Executive Officers.
2. Approval of the Agenda

No changes to the agenda were requested during the online consultation and
the agenda was

approved.
3. Election of theChairperson for the Meeting

As for ordinary assemblies, Secret&gneral Antonino Di Bella noted that it
was typical to elect

the ICA President to chair the General Assembly. This was implicit in the
online consultation.

4. Quorum

SecretaryGeneral Antonino Di Bella confirmed that the quorum, which
according to the ICA

Statutes is required for the decisions to be made, has been achieved. In
particular, the two

requirements for a properly constitute assembly were fulfilled: more than
half of those having the

right to vote (35 Members and International Affiliate on a threshold 27) and
more than half of the

maximum number of official delegates (83 Delegates on a threshold of 62)
participated in the

consultation.



Overall, 160 out of 228hares (71.7%) were represented.

Two Members (India and Korea) chose to be represented individually by their
Delegates (one

Delegate, one vote). All other Members have chosen to be represented
collectively (only one Delegate

was appointed as a representa#i and his/her vote was multiplied by the
number of votes assigned

to the Member).
5. Financial Statement and Budget 2€2(20

The Balance Sheet 202920, the Provisional Budget, and the 1YS Global
Budget.

were approved unanimously (83 votes in favour atstentions, no
opposed).

6. ICA Internal Regulations changes

Changes in Internal Regulation Article 4 "The ICA General Assembly" in
accordance with the

requirements specified by the Spanish authorities (country of ICA
registration) were approved

unanimotsly (83 votes in favour, no abstentions, no opposed).
7. Membership Changes in shares

SOBRAC's request to reduce the number of shares from 4 to 1 was approved
with a two-thirds

majority (77 votes in favour, 6 abstentions, no opposed).

8. Membership Appication for membership



AAVI (Indonesia) application for full ICA Member with one share was
approved unanimously (83

votes in favour, no abstentions, no opposed).
9. Adjourn

President Mark Hamilton closed the 2020 ICA General Assembly thanking all
the Boad members

for their contribution to the ICA Administration as well as all the Members
and International

Affiliates for their collaboration and their support to the ICA activities.

IV.MEMBERSHIP SUBSCRIPTION

Fellow S$70
Member S$50
Associate  S$30
Student S$15

Corporate S$200

FEE BASED ON ANNUAL RATE

FOR MORE INFORMATION PLEASE CODNTA®Jon Siong Gan at
email: wsgan5@gmail.com

Membership application forms cdre downloaded from the society website:
www.acousticssingapore.canPlease complete and emailwggan5@gmail.com
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V.ARTICLE
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Acoustophoretic agglomeration patterns of particulate phasein ahost
fluid
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Abstract

Ultrasoundassisted processing of particulate phase in a host fluid relies on the induced acoustic force field. Understanding
the agglomeration phenomenon in the particulate phase under acoustic forces will provide better insight about the acous
tophoress quality and avayto design a weltontrolled process. In this work, a dynamic model consisting of acoustic and
hydrodynamidorcesis proposedor trackingthe motion of micro-spheresinderultrasoundields with planarandnon-planar
wavefronts. The agglomeration of particles at the nodal plane was simulated taking into account the contact and collisions
betweerspheresThe numericalsimulationswereconductedor both soundhardandcompressiblespheredo investigatethe
behaviors of sigle and multiplephase particle populations. For the case of a plane standing, the interaction between
solid-bubbleallowsthe solid particlesto stayatthe velocity nodewhichis their unstablesquilibriumlocation.With a Bessel
standingwaveas a norplanar pressure field, the agglomeration patterns of particles are generally different from the case of
plane standingvave,which implies the significance of the particle tracking simulations for predicting the agglomeration
patterns and locations under ultrasound fields with arbitkamefronts.

Keywords Ultrasoundparticlemanipulation Acoustifluidics- AcousticRadiationForce- BesselStandingWave- Bubble
Solid interaction

1 Introduction et al.2018. This force is derived from nonlinear stresses due
to theinteractionbetweerincidentandscatterindields, time

Ultrasoundhasbeen usedor manipulationof suspended averaged over awave cycle (Settnes and Bruu2012
micro-particlessuchasgasbubblesiquid droplets,biologi- Doinikov 19944 b; Sepehrirahnama et #0153 b). Each
cal cellsandsolid particlesin a hostfluid (Augustssoretal. particlein a soundfield is subjectedo the primary radiation
2012 Hartono et al2011; Tiong et al.2019 Mishra et al. force that isthe result of interaction betweethe external
2014 Wijayaet al.2016 Ma et al.2017 Xuan et al.2010. i nci dent fi el d and particleds
Comparedo otherparticle manipulationtechniquesuchas radiation force, als&nown as acoustic interaction force, is
dielectrophoresis and magnetophoresis, ultrasound allgwesenin closeproximity to otherparticlesthatis dueto the
manipulatingall particlesat oncein alabelfree mannerThe interactionsbetweenscatteredfields of multiple particles
underlying physics of ultrasounghrticlemanipulation is the (Sepehrirahnamatal. 20153 b; Doinikov 2001, 2002 Silva
acousticradiationforce (Augustssoret al. 2012 Settnes and and Bruu2014).
Bruus2012 Doinikov19944ab; Wiklund et al2012 Hartono Depending on the material properties, primary radiation force
etal. 2011 GarciaSabatéetal. 2014 Mohapatra pushes particles teertain locations in a sound field, such as
pressure or velocity nodes in a standing wave. This
phenomenon was adapted in devising manipulation processes

* Shahrokh Sepehrirahnama . . . .. .

Shahrokh.sepehghnama@uts.edu.au such as particle separation and sorting on mituiic chips

) _ _ o (Augustsson et ak012 Mishra et al.2014 Wijaya et al.
Centre for Audio, Acoustics and VibratigiCAAV), 2016 Wiklund et al.2012 Hartono et al2011; Mohapatra et

University of Technology Sydney, Sydney, NSW 2007,
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al. 2018 Wiklund 2012. However, particles experience the
secondary force which determines their mode of

Mechanical Engineering Department, Natiobalversity agglomeration (Mohapatra et 2018
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Se'&e rirahnama et 'aiOléa ;XéllR/a and Bruus2014 acoustic radiation and hydrodynam?g 3roag to simulate

Lopes et al2016 Zhang and L2016 Tiong et al.2019 their clustering in a sound field. In this algorithm,

Feng et al.2020. Thus, designing ultrasousmbwered particle collision isaccounted for automatically that
particle manipulators would require consideration of befflows particles to stick to each other or get separated
primary and secondafyrces, factoring in the distributiorduring theirjourney from their initial position to the final

of particles and their positions. _ resting position. For solving the mutttattering problem,
Study of the acoustical bubbeibble and bubbieolid e se the multipole series expansion, &sown as
interactions in a mixed population of particles Wegg ialwave expansion, that is suitable for simulating
reported to shed light on the agglomeration patterns u

. - e erical particles. Our numerical results show the
an ultrasound fie (Doinikov 1999 2001, 2002 Doinikov ] T . . . .
et al. 2016 Feng et al202Q Shang et a016. However, applicability of the timemarching algorithm in terms of

those studies were limited to the interaction between a%%;u'atmg the physics of particle agglomeration for an

Iritrar number of parties. Such simulation tool finds
of particles with an axisymmetric arrangement with resp yhu P - =>U u

to the wave direction, while focugjron the changes in th@pplications in modelling and predicting the behavior of

interaction forces. Although such studies are insightiefrticulate phases during industrial processes such as
further work is required to correctly predict the motion 8gcontamination of fluids or synthesis of polymeric

particles in an acoustic field (Sepehrithnama and LR@rticles.

2020, which can be used in designing efficient ultraseund

assisted particle manipulations.

Particle agglomeration in a sound field can be simulated by

accounting for the forces acting on each and every particle . )
(Chen et al202Q Vyas et al2019 Devendran et aR014 2 Theory of acoustic forces and particle
Lei 2017). For selfbuoyantarticles, these are acoustic and tracking

hydrodynamic forces (Garcl@abaté et al. 2014

Mohapatra et al2018 Lei 2017. Moreover, particleSThe governing equation of acoustic fields is
experience multiple collisions during the clustering process.

This needs to be accounted for to predict the fipa) _ » (1)
configuration of their aggregate. A suitable tim&rching '

algorithm based on particle dynamics and an appropriate

collision detection model will serve as a potential choif/@€re” denotes the velocity potentialt denotes time,cis

for theoretical simulation of such particle agglomeratiorf"¢ SP€€d of sound in the fluid medium, and2 =1 t

The acoustic forces primarijepend on the incident field”\coUStic pressureP and velocity _ are obtained from the
Plane standing wave has been studied as a practical cH§I8&!tY potential ! as follows:

for ultrasound manipulation. It was reported that the \

primary acoustic force due to a standing waveVis " — (2)
significantly larger than that of a plane traveling wave iof nn

this magnitude (Settnes and Bri2@l2 Doinikov 1994a

b). Another choice of incident wave is a standing Bessel

beam that is a standing wave along the beam axis and a

zeroth order Bessel function in the transverse direction

(Marston et al.2006 Marston 2006 2007 Zhang and 2.1 Incident field and multiple scattering

Marston 2011 Mitri 2015 Wijaya and Lim 2016.

Theoretically, this nonplanar incident wave can berthe case oN particles in a fluid, the velocity potential
constructed using a series of plane wave sources arrargetltten as

in a circular configuration with their wave vectors passing

through the axis [92]. For travelling Bessel beam, the

pull-in effect has been reported for a single particle that is » B »n (3)
positioned along the beam axis and where its-teize

wavelength ratio falls in a certain range (Marston et al.

2006 Marston2006 2007 Zhang and MarstoR011; Mitri

2015 Wijaya and Lim2016. However, the effects of avhere” denotes the incident field potential and is the
standing Bessel beam on a population of particles nee@gsagiered field potential from the Ith particle. These
be investigated, especially in the Rayleigh size liksit, potentials are expressedusing the partial wave expansion
1 withk being the wave number aadlenoting the nominalasfollows:

size of partites.

In this work, we present a simple and straightforvtiane-

marching algorithm for tracking spherical particlesder
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n Q B B 6 Qo bk 4)

n Q@ B B 8 Q0o —bH ,

whereg is the circular frequencyj h— are the
spherical coordinates with respect to the center of
thelth spherej andh are spherical Bessel function
and Hankel function of the first kihof degree p,
respectively,& denotes spherical harmonics of
degree p and order Qoinikov 19943 b),0 and

6 denote the constant coefficients, 4ad 1 p .

Similarly, the refracted potential field inside thie
particle is written as

nQ B B 6 Q0 o —h , (5

whered denotes the coefficients of the refracted
field potential, andQ  — with & being the speed
of sound inside particle For a given incident wave,
we assume tha@ are known for the time being.
The expressions fod are discussed in the
following subsection2.1.1to 2.1.2 Coefficients

0 andd are obtained by imposing the boundary

conditions (Yosioka and Kawasim&55 Doinikov
19943ab) on the surface of tHe¢h sphere @,

0ot B 0 O O 028 6 O (6)

where® and6 denote the radius and righmbdy
oscillation velocity of thdth particle, respectively,
andn is the unit outwaréhormal vector. For the case
of rigid spheres, the internal wave refraction is

absentd = 0, and normal velocity condition will

give the unknown scattering coefficierits . This
multi-scattering problem dfl spheres with dnitrary
arrangement can be solved numerically
(Sepehrirahnama et a015a b; Doinikov 2003
Lopes et al2016).

2.1.1 Plane Standing Wave

The incident potential for a plane standing wave
along thez-axis is given as follows

nodnEE Q (7)
where A denotes the magnitude of the wa¥,js

the distance in the direction between the nearest
velocity node

and thecenter of expansion. UsinNg the plane wave
expansion, coefficienté become (King1934
Doinikov 19944ab)

5 T 8Q pQ Q (8)

wherd  denotes the Kronecker delta that is unity
for =0 and zero otherwise.

2.1.2 Bessel standing wave

For a Bessel standing wave with axis along zhe
direction,
the incident potential is expressed as

nood0 QYi 1QEvd Qodi a4 Q 9)

where0 denotes the zerorder cylindrical Bessel

function, 'Y ®w w and! denotes the cone
angle that is angle between the wave vectorzand
axis. Then, coefficientS become

o} O 1°¢n p® Tht Q

(10)

when the center of expansion lies on the Bessel
beam axis. For the case of the center beinguiff,

the incident coefficients are obtained using
multipole translation method, as follow,
of B B Y b (12)
whered!l denotes the incident coefficients for an
off-axis center of expansio® are calculated
from Eqg. (L0),"Y denotes the Regukio-Regular
multipole  translation  coefficients, = whose

expressions are obtained from equaticd3)( and
(2.8) in reference (Doiniko2007).

2.2 Particle dynamics

For a fluid with negligible viscosity, acoustic
radiation force

acting on thdth particle is written as
e

o ., LD (12)

where_| denotes surface of thth particle ang
-0 —20 .This integral gives the resultant

acoustic force from the primary and secondary
radiation forces. This acoustic force is balanced out
by hydrodynamic forces as the particles moves
through thehost fluid. It is noted that the acoustic
interaction among the particles through the
secondary radiation forces are fully coupled to one
another, as the
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coefficients of the scattered fields are solved
simultaneously.

The hydrodynamic forcegenoted byH include the
Stokes drag force and the interaction drag force due
to the relative motion among the particles. We adapt
the proposed model for hydrodynamic forces in
reference (Mohapatra et al.2018),

Y O 6 E 6§ O
% 6 O E § "0
é é é [E é é
h% 6 6 E O O
o e = g, (13)
1 W W,

where== denotes the translation velocity of particle

j in the time scale much larger than the period of one
oscillation of he acoustic field; is the dynamic
viscosity of the fluid,| denotes the identity matrix
of size 3,8 is the position vectoof the jth sphere
andr = » is the distance between partigleand
particle|. The expression of was derived from
the Stokeslet theory that relates the velocity at the
target pointe to the applied forcg at the source
pointe in a fluid domain (Pozrikidisl992). The
fully populated matrix reflects the fully coupled
nature of the hydrodynamics interaction among the
cluster of particles, similar to the acoustic force
interaction. Since the mass of migoarticles is
small, the quasstatic condition may besed:

3 (14)

The acoustic radiation force depends on the location
of the particle in the sound field whereas the

hydrodynami c force i s a
velocities. Thus, Eq. (14) is a

1T
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first-order differential equation with respeottime,
which can be numerically solved by appropriate
time-marching algorithms such as the Euler methods.
Collisions among the particles have to be considered
while tracking the particles in the sound field. Since
all particles are assumed to be spharicollision
occurs when the centén-center distance of two
particles is less than the sum of their radii. To
resolve a detected collision, the penetration distance
is measured from the displacement of particles in the
centerto-center direction at timé Then, the time
step is reduced and the particles are displaced back
along their centeto-center direction until their
surfaces touch each other. This is obvious for two
penetrating spheres. For the case of more than two
particles, the same positionreecting technique is
applied to all particles in a pairwise manner until
there are no penetrating particles left, as shown in
Fig. 1. Then, we proceed with the force calculations
at the next time steprYo Spheres that are in contact
may continue to ma together as a single entity
maintaining the contact state, or they may move
apart or disperse according to the forces acting on
each sphere.

3 Results

The tracking of particles in this section were
simulated forP = 100 kPa, with water as the host
fluid ( ” = 1000 kg/m3,c = 1500 m/s), and
compressible particles made of Pyréx " =2.23,
wTow= 3.78 ), Polystyrene”( " = 1.05 O ¥®=
1.57 ) and air { 7" = 0.001 Q7¥&= 0.229 ). The
wavefrequency is set to 1.5 MHz and patrticle size
is 5 m, resulting irka= 0.0314, 1. Displacement
and  pesiign ; vgrigbles, gre npumalized by dhe 4
wavelength_. For normalizing the force and time
results, we introduce reference foi@and timed

Sphere 1

Sphere 1
Sphere
g
2
(]
©
=l
5
c
(]
o — P
Sphere 2
Sphere 2
(a)

phere 2

re 3

>\ Sphere 3

Sphere 2

(b)

Fig. 1 Applying the position correcting technique f@) two, and b) three penetrating partites
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O “ R0
. (pu 1 d’)=
(0]

O
whereO

(15)

——0 denotes acoustic energy density of

the incident wave, and is the particle radius. For these
parameters, the reference fof€is equal to 2.74 pN.
Considering =8.89 xp 1t Pd s, the reference time is
equal to 30.56s. In the subsequent figures, the trajectories
of particles aresshown with coloured lineand their initial
positions arenarked with insets of numeric labels.

time step= 1053 t/t; = 0.13072
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Fig. 2 Trajectories of a pair ofa( b, c) rigid and I, e, f) compressible
particles at the vicinity of pressure nodormalized position refers to the |
(%, Y, 2) for each particle divided by the wavelen@tfithe simulatiortime t

Sphere 1 - Position

3.1 Plane standing wave
3.1.1Single phase particle population

A plane standing wave along tkalirection with pressure
node atz = 0 is considered for the numericainulations.
First, two particles were traced from their initial positions
in the vicinity of the pressure node. The particles are in the
x-z plane, hence there is no force in theirection. Figure

2 shows the trajectories for the two cases of rigid and
compressible particles. It is observed that, in both cases,
particles travéed from their initial positions towards the
pressure node, which is illustrated by a transparent plane at
z= 0, due to the primary radiation force. There is a sudden
deflectionin the trajectories, showing that the interaction
between the particles becomes stronger at the vicinity of
the pressure node.
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particle to travel by one wavelendgunder reference radiationrfe Fg in a

quastistatic state. For the case in par@@| the trajectories occur over 0.13072
0 =4s, with1053 time steps taken during the simulation
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_ _ reportedthe experimentaktudy of the preferredagglomera
Next, the agglomeration patterns of two to ten particles thgh for acoustically levitated soligharticlesin air. In the

areevenly spaced out on a circle in the pressure nodal p'%ﬂﬁplementaryideo clips of referenceLim etal. 2019, the
areinvestigatedFigure3 showstheinitial (x, y) post tions of aggregateslowly rotates with respect to its center of mass
the particles in each case. In a plane standvage, this \yhjle individual particles fluctuate in theavedirection. It is
scenaridakesplacewhenthe PSparticlesarebroughtto the noted that this rotation is primarily due to misalignment
pressure node by the primary force. The particle tracifgyeen the line of action of the acoustic interaction force and
within the nodal plane allows demonstrating the formation @fe centreto-centre line of each pair ithe aggregate
particle clusters under pure interaction forces, which {%epehrirahnamelal.ZOlSab; Lopesetal. 2016 Doinikov
alwaysattraction(Sepehrirahnamat al. 2015a b; Doinikov 2001). While the rotationof suchclusters appeain our
2001), since the primary force is zero on the pressure noggsylation, this rotation was seldom observed in practical
The particleswereassumedo be Polystyreng(PS)beadsin  jtyations where a line of beads (peztvhin configuration)
water. As expected, a pair of particles formed a dumbbeliergesThisimpliesthepossibilityof otherforcespresent in
shaped configurationThe threesphere case resultéd a the system (suchsaacoustic streaming, friction, van der
triangleshapectluster.For casesvith morethan3 particles, \yaals forces) that may act on tharticles.

the agglomeration pattern appears to be multiple layers;pf practical acoustofluidicdevices with a rectangular
particles.It is concluded thaparticlestendto form large channel anddriven by ultrasound standingvave, a peatl
multi-layer agglomerates upon reaching the nqdehe. chain configuration of particles at the nodal planewas
Furthermore, particleaggregate undergoes rotati@s it reported (Augustssonet al. 2012 Hartono et al. 2011,
grows biggeiand continues to rotate with respecitsacenter Mohapatraet al. 2018. However, oursimulationsso far

of mass after all the particles join in, as can be seentfrein  ghowedthatthe line formationwould be unlikely to occurif
trajectoriesn Fig. 3. Observingthe rotationof the aggregate g the particles are initially on the nodal plaf@. investt
wasmadepossibleby multi-particletracingsimu- lations of gate the emergence of peanain formation, we simulated
more than just 2 particles. The rotation occurred Wuee  the caseof severaparticlespositionedin aline formationon
componenbf theinteractionforcesorthogonalo the center e nodalplanewhile anotheroneapproachethemfrom dif-
to-center line joining a pair of spheres in the-dgsn,which  ferentoffsetsin position,asshownin Fig. 4. It wasobserved
wasreportedin referencgSepehrirahnamat al. 20153 b).  that the peasthain configuration only occurs when all the
The agglomeratiopatternsof the five and sixparticlecases particleslies within a planeparallelto the wavedirection,as

aresimilar to thosein Lim etal. (2019; Wanget al. €017;  shownby the casesn thefirst columnof Fig. 4. Whenthe
Polychronopoulos and MemoR©20, which
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Fig. 3 Agglomeration patterns of two to tgrarticle ensembles on the pressure node of a plane stavaliedl rajectories of particles are shown
by the colouredines
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plane standingvavein the zdirection. In althese
cases, one sphere is located initiallyay from others that formaline along angle with respect to theaxis
the x-axis on the nodal plane. The sphereapproaching
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the line aggregate is located about six times the radius away frarenter
of the aggregate with its position vector being at9,i ¢ 'Q

approaching sphere is offset from the existing pefaain, the (Mohapatra et a018), that pushes particles into forming a
peartchain will deform and interact with the approachingeartchainconfiguration.

sphereformingalayeredstructurewvhichwasobserved inhe Finally, we look atthe case of 20rigid particlesin the
lastthree column®f Fig. 4. Althoughour simuldion results standingwave.The initial locations of these particles arexin

show that the peadhain or line configuration emergifigm z plane and asymmetrically distributed at the vicinity of the

arandom3D distributionof particlesis very unlikely, it has pressuraode.This caserepresentshe situationin which the

been yet reported in thexperimental apptations. This particlesare brought to the vicinity of the nodal plane by the
implies that,in practical applications, thershould exist primary force and their relative distances are of the order of

other weak forces due to factors such asfswe finishing of their diameters. Figurd shows theittrajectoriesdue to the
the fluid-cavity walls or three dimensional resonance withacoustic forces. The particles form two separdusterdirst
the fluid cavity,as mentioned ireference

at their own side beforemigratingtogetherto
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Fig. 5 a Isometric,b right andc front views of the trajectories of 20 particles in a standing wave alorgdinection. The pressure node is iHus
trated by the transparent plane

the pressure nodal plane. It was observed that particles pluaitive contrast factor, is in an unstable equilibrium in the
were placed ix-z plane initially moved in thg direction due velocity nodalplane,it is keptwith the clusterof air bubbles
to the collective interactionforcesacting upon eachone of dueto the weakattractiveinteractionforcesbetweenthe PS
them. This phenomenoroccursdue to the large numberof particle and the bubbles.Furthermore, theotation of the
particlesandthe strongattractiveforcesthatbringsparticles aggregate that is entirely due to the mptiticle interactions
towards the center of theduster. Although the twparticle was observed in these cases of mixed phases. These results
resultsseenvery intuitive, the behaviorof alargenumberof  show the significance of particle tracking simulations for
particle under acoustic forces is not easy to predict, sincanderstanding the physics of particle agglomeration in
largely depend=on their initial positionsandtheir interaction external acoustic fields. Our model of particle collision can be
history along theipaths. further improved byincorporatingbubble coalescence and
surface tension in future studies of bubble agglomeration by
311 - EGAA O1 1 EApplalionD AOOE AT Aultrasound.
Forthecase of one air bubbgirroundedy PS beads on the
In some practical applications of sonocehmispguticles velocity nodal plane, the agglomeration patterns are shown in
with different materials coexist in a host fluid in addition tBig. 7. The initial arrangement of particles is thetaibbleat
the bubbles that are generated by the ultrasound cavitatfecenteandthe PSbeadsarespacedutevenlyin acircular
(Breenet al.2001; Pol et al2003. Theoreticaktudyof sub  pattern.It was observedthat the air bubble remains at the
wavelergth air bubbles and solid particles showed that theinter of the aggregate while attracting Bfebeads.The
interactionbehavioris differentfrom thecasen which all the attractiveforcebetweertheair bubbleandthe PSbeadis able
particleshavethe same material (Feng et 2020. However, to keep the PS beadsat the velocity nodal plane that is
that studywaslimited to the axisymmtericcaseof onesolid otherwise an unstable equilibrium location for the beads. The
particle and one bubble. To provide more physical insight arrangement of the solid spheres in the final configuration is
about such interactions, we investigated the casesofgde symmetric with respect to the air bubble at the center. These
Polystyrene(PS) particle surroundedy air bub- blesin agglomeration patterns are different from the caseuttipie
water. As shown in Fig5, all the air bubbles arfelS particle bubbles and a single solid particle, in which the solid particle
were placedon the velocity nodeof a planestandingwave is pushedwayfrom the center of the aggregate to the outside
(denoted byV.N.), which is the natural agglomeratiordue to the stronger interaction forces between bubbles. The
location for air bubbles.The PSbead experiencea zero rotation of the aggregate was also observed forctss.
primary force, but it is in an unstable equilibrium situatiohe variety in the patternsof particle agglomeratiorunder
The PS particle was placed at the center of the distributiorpiane standingwave shows the level of complexity of
all cases. It was found that the bubbles attract each otinettiple interactions as the number of partidesw. It also
strongly and subsequentlypushthe solid paricle to the out implies the limitations of the twparticle modelssuch
side of their aggregateAlthough the PS particle, with a
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as solidsolid (Sepehrirahnama et @015a b; Doinikov near thevaveaxis withinP.N.,as shown in Figdb. From the
2001, Silva and Bruus2014 or solidbubble interactions initial configuration(t = 0), aftersometime, theyformed an
(Doinikov 2001, 2002 Feng et al.2020. And finally, to elongated aggregate along the axis,Ras 0 is a line of
complete those models, the hydrodynamic drag forces andatueilibrium for the particles.lt wasfound thatthe elongated
collision between the particles should be accounted for. structureformed bythe spheres also rotates wittsspecto
its center of mass, similar to the case of plane starviaveg.
3.2 Bessel standingrave In the secondcase the ensembleof particlesis placed inthe
vicinity of the ring 1, which is one ofthe unstable
A Bessel standingvavealong thez-axis is considered. Theequilibrium locations in th@rimary force field, as shown in
incidert wave with the core angle of —isillustrated in Fig. Fig. 8c. The particles in the inner side of the ring aigece
8a.Thepressuraodesn thecylindricalradiusR direction are a largeracousticforce and ar@ushedawayfaster. They also
marked by red circular lines, while the black lines shber form small clusters due to the interaction forces among
velocity nodes. These radii tfered and blackingsare the themselveswhile moving away. Particlesthat are initially
roots of J, and J;, respectively. The pressure nddehez |ocatedonthering wereknockedoutof their positions by the
directionis illustratedby the greenshadedslice (denoted by interaction forces, even though the primary force is zero there,
P.N.)atz= 0. The particletracking has been performed foimplying the instability of their resting state on this pressure
20 spherical particles. The simulations were conducted wiitide. In the last case, as shown in Bitj.the agglomeration
the particles placed near three equilibrium locations in thgttermeaning 2 wasinvestigatedThepatticles are expected
field: at the axiR = 0 (also the first roodf J,), first pressure to spread and form an arc along the ring due to the primary
nodal circle (ring 1 which ithe first root of)y), andthefirst forces;howevertheir interactions caugeemto form several
velocity nodalcircle (ring 2 which is the second root af;). layers on top of eachther withthe centerof massof the
For the first case, the ensemblplaced aggregatédeinglocatedon the inner
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Fig. 7 Agglomeration behavior of
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side of theing. The observed modes of agglomeration in théwo spheres after some tina time step 37. Befordime
field of Bessel standingvave demonstrate the promising step5, the sizeof thetime incrementwasdeterminedoy the
aspectof of the non-planar pressurefields for designing velocity of sphere 3, shown with the yellow color, since it
targeted particle manipulation usioirasound. was moving faster. After the first collision, the time
increment is determined by the velocity of sphere 1, shown
with the bluecolor. Thetime increment reducet® about
4 Discussion 25% of its largest vlue at time step 3 and remains at that
level for the rest of time steps,which allows the next
Particle tracking simulation undea force fieldneedsan possible collisions to be captured automaticallyn our
algorithmfor collision detectionanda rule for adjustingthe  algorithm.The displacements of sphere 2 and 3 after the first
size of time increment. In the proposed model, the collision is the same since they remainaasentity before
displacement magnitude of the particle with the largesphere 1 joinsthem at time step 37. Although the
velocity is limited to45% of its radiusprior to applyingthe  performanceof the proposed algorithm was shown for
position correction technique for collidingparticles. This  spherical particles, our adaptive algorithm is applicable to
provides aradaptivetime steppingschemewhere thestep nonspherical shapes of particles as long as their
sizeis determinedby the largest velocitywithin eachtime  displacements are constrained to a fraction of their
step.To illustrate this, the evolution of time increment andcharacteristic sizes, in suchwsaythat no collisiorevent is
magnitude of displacement are shown in Bifpr the case of missedout.
three spheres in a plane standivaye.Two of the spheres are Applying the position correcting technique adds to the
initially on the pressure nodal plane (P.N.). Due to theomputational cost of particle tracking simulation. To
stronger interaction, these two come in contact first at timavestigate the computational complexity of the present
step5, asshownin Fig. 9a. The blue sphergoins the other algorithm, several configurations of particles in which each
particle is in contact with at most 4 others on the pressure















